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Abstract
Since the 1980s several works were published proposing alternative solutions for users of
powered wheelchairs with severe mobility impairments and that are not able to operate a
mechanical joystick. Such solutions commonly focus on assistive interfaces that help
commanding the wheelchair through distinct mechanisms such as facial expressions,
brain-computer interfaces, and eye tracking. Besides that, the wheelchairs have achieved a
certain level of autonomy to accomplish determined tasks such as obstacle avoidance, doors
opening and even path planning and execution. For these tasks to be performed, it is
necessary the wheelchairs to have a non conventional designs, ability to sense the
environment and locomotion control strategies. The ultimate objective is to oer a
comfortable and safe conduction no matter the user’s mobility impairments. However, while
driving the wheelchair, the caster wheels’ misalignment might oer risks to the user,
because, depending on the way they are initially oriented, instabilities may occur causing
accidents. Similarly, the caster wheels’ misalignment can be considered, among others like
dierent weight distribution or dierent friction between wheel and oor, one of the main
causes of path deviation from the intended trajectory while the wheelchair is moving. In this
dissertation, it is considered the caster wheels’ misalignment as the unique generator of
wheelchair path deviation and, therefore, it is proposed dierent solutions in order to reduce
or even eliminate the eects of the misalignment. The implementation of the best solutions
developed in this work allows assistive interfaces with low rate of commands to be
widespread, once the user does not need to, constantly, correct path deviation. Additionally,
a new smart wheelchair project is elaborated for the implementation of the techniques
developed in this work.
Resumo
Desde os anos 80, diversos trabalhos foram publicados com o objetivo de propor soluções
alternativas para usuários de cadeira de rodas motorizadas com severa deciência motora e
que não possuam capacidade de operar um joystick mecânico. Dentre essas soluções estão
interfaces assistivas que auxiliam no comando da cadeira de rodas através de diversos
mecanismos como expressões faciais, interfaces cérebro-computador, e rastreamento de olho.
Além disso, as cadeiras de rodas ganharam certa autonomia para realizar determinadas
tarefas que vão de desviar de obstáculos, abrir portas e até planejar e executar rotas. Para que
estas tarefas possam ser executadas, é necessário que as cadeiras de rodas tenham estruturas
não convencionais, habilidade de sensoriamento do ambiente e estratégias de controle de
locomoção. O objetivo principal é disponibilizar uma cadeira de rodas que ofereça conforto
ao usuário e que possua um condução segura não importando o tipo de deciência do
usuário. Entretanto, durante a condução da cadeira de rodas, o desalinhamento das rodas
castores podem oferecer certo perigo ao usuário, uma vez que, dependendo da maneira em
que elas estejam orientadas, instabilidades podem ocorrer, culminando em acidentes. Da
mesma forma, o desalinhamento das rodas castores é considerado um dos principais
causadores de desvios de trajetória que ocorrem durante a movimentação da cadeira de
rodas, juntamente com diferentes distribuições de pesos ou diferentes atritos entre as rodas e
o chão. Nesta dissertação, é considerado apenas o desalinhamento das rodas castores como
único causador de desvio de trajetória da cadeira de rodas e, dessa forma, são propostas
soluções que possam reduzir ou até mesmo eliminar o efeito deste desalinhamento. Com a
implementação das melhores soluções desenvolvidas neste trabalho, é possível fazer com que
diversas interfaces assistivas que têm baixa taxa de comandos possam ser utilizadas, uma vez
que o usuário não precisa, constantemente, corrigir o desvio da trajetória desejada. Ademais,
é elaborado um novo projeto de cadeira de rodas "inteligente"para a implementação das
técnicas desenvolvidas neste trabalho.
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Disability is part of the human condition. Most people will be temporarily or permanently
impaired in their lives, and those with advanced age will experience increasing diculties in
conducting their daily tasks. All historical periods had to face the moral and political issue
related to people with disabilities. This issue will become more important over time as
demographics of society change and people live longer [59].
Policies related to disabilities have changed recently, caused by the self-organization of
people with disabilities and by the growing tendency to see disability as a human rights
issue. Historically, people with disabilities used to be treated dierently, being segregated
someway through solutions such as residential institutions and special schools. Nowadays,
as awareness has risen, policy has shifted towards community and educational inclusion, as
well as approaches recognizing that people are disabled by environmental factors and by
diseases. National and international initiatives have incorporated the human rights of people
with disabilities, culminating with the adoption of the United Nations’ Convention on the
Rights of Persons with Disabilities (CRPD) [59].
A study of the World Health Organization of 2010 estimated that over a billion people were
living with disability, or about 15% of the world’s population (based on 2010 global population
estimates of 6.9 billion people). Among them, 190 million people were facing "severe disability"
- the equivalent of disability inferred for conditions such as quadriplegia, severe depression,
or blindness. The population of people experiencing some kind of disability tends to grow as
the population gets older, and there is a higher incidence of diabetes, cardiovascular diseases,
cancer, respiratory illnesses and so on [59].
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According to IBGE census of 2010, 45 million people were suering from one of the
investigated disabilities, such as auditory, motor, visual and mental ones, in Brazil. From
these people, 14 million were suering from some kind of motor disability. This number
represents 7.34% of the population in Brazil in 2010 [23]. A great number of these people
who have motor disabilities need a wheelchair to move around independently, but most of
them, due to their low income, cannot aord buying one that meet their needs. Regarding
this issue, and based on the Federal Constitution and the Health Organic Law number 8080
of 09/19/1990 [33], the jurisprudence demands that the State must provide free wheelchair
for those in need. In addition, there are plenty of private initiatives to collect wheelchairs for
the disabled [14].
Aiming to help people with disabilities to become ready for social interaction, more
functional, more independent, and able to overcome environmental barriers, a eld of
knowledge has emerged: the Assistive Technology. An assistive technology device can be
dened as "any item, piece of equipment, or product, whether it is acquired commercially,
modied, or customized, that is used to increase, maintain or improve the functional
capabilities of individuals with disabilities" [59]. Common examples of assistive devices are:
• crutches, prostheses, orthoses, wheelchairs, and tricycles for people with mobility
impairments;
• hearing aids and cochlear implants for those with hearing impairments;
• white canes, magniers, ocular devices, talking books, and software for screen
magnication and reading for people with visual impairments;
• communication boards and speech synthesizers for people with speech impairments;
• devices such as day calendars with symbol pictures for people with cognitive
impairment.
Indeed, assistive technologies, when appropriate to the user and the user’s environment,
have been shown to be powerful tools to increase independence and improve social
integration. A study conducted in Uganda found that assistive technologies for mobility
created greater possibilities for community participation, especially in education and
employment [22]. In the United States of America, data collected over 15 years showed that
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increasing use of technology was associated with decreasing reported disability among
people aged 65 years and older [54].
The Assistive Robotics is a eld within the Assistive Technologies which aims to use all
the knowledge acquired from robotics to develop new technologies to assist people with
disabilities. Researchers from elds like Mechanical, Electrical, and Computer Engineering
are committed to build up these new technologies since robotics takes care of the project,
construction, operation, control and application of the robots.
As mentioned before, wheelchairs are very important equipments to support those
people with motor impairment. There are manual wheelchairs that are propelled by the
user’s hand and there are the electric-powered wheelchairs (EPW) that are propelled
electrically by batteries. Most EPWs are commanded by the user through a joystick placed on
the wheelchair’s armrest as can be seen in Fig. 1.1(a). This joystick sends signal commands to
the motor controllers making the wheelchair move ahead, backwards, turn right or left.
However, there are several people who need to operate a wheelchair but cannot handle a
joystick, may it be because of degenerative motor disease, tetraplegia, or any other severe
motor disability. Taking this into account, researchers have been developing new ways so
that these people can command a wheelchair independently. One way, as it is shown in
Fig. 1.1(b), is by using BCI (Brain-Computer Interface) in which the computer acquires brain
signals and classies them into motion commands. Another way, as can be seen in Fig. 1.1(c),
is by commanding the wheelchair through facial expressions: a camera captures the person’s
facial expression images, a computer process these images and classies them accordingly.
Then, depending on the classication, the computer sends signals to the motor controllers in
order to move the wheelchair according to the user’s will. Thus, these interfaces create new
possibilities for people who have severe motor disabilities. Until then, these people were
dependent on other people to locomote through the environment. Now, they can be
independent and this fact creates greater quality of live for them.
There are three dierent techniques a wheelchair may navigate: manually, autonomously
and semi-autonomously. A manual navigation is the one that the user moves the wheelchair
by the joystick. An autonomous navigation happens when the user wants to go from one
place to another and the embedded system of the wheelchair plans and executes the path
between these two points aided by the sensors and actuators (here, the user only says where
he/she wants to go and the system does all the navigation planning and execution). A
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(a) EPW commanded by a joystick
(source: https://mobilityready.com/
collections/electric-wheelchairs).
(b) BCI used to command the wheelchair
(source: https://www.researchgate.net
/publication/267198175).
(c) Wheelchair commanded by




Figure 1.1: Dierent ways of commanding a wheelchair.
semi-autonomous navigation happens when the user controls the wheelchair during almost
the entire path, except near dangerous locations where a collision may occur. Close to these
locations the embedded system of the wheelchair takes over the control in order to avoid
accidents. This kind of control is sometimes called shared control [42].
Most wheelchairs are composed of two rear wheels and two front wheels. The rear
wheels are motorized and the front wheels are caster wheels (shown in Fig. 1.2) used only for
maneuverability and static equilibrium. Autonomy might be jeopardized by the caster wheels
once they swing freely as the wheelchair moves around. An example of this disturbance is
when the caster wheels are not completely aligned to the wheelchair’s trajectory: if the
wheelchair tries to go straight ahead and the caster wheels are in dierent orientations from
the path, the wheelchair will deviate from the path in a certain angle. Hence, it is dicult for
the algorithm in the wheelchair’s embedded system to predict these deviations without using
position and orientation sensors to correct the error in the trajectory.
The main goal of this work is to develop new ways to reduce the eects of the caster
wheels on the wheelchair’s trajectory and contribute, therefore, to the development of new
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EPWs. It will be tested and compared dierent strategies on simulated wheelchairs and on
real wheelchairs used in the laboratory.
Figure 1.2: Example of a caster wheel (source: https://www.indiamart.com/proddetail/trolley-
caster-wheel-8645431555.html).
This dissertation is organized as follows: in Chapter 2, it will be presented the state of the
art technologies involving electric-powered wheelchairs including, for instance, their means
of propulsion, design, human-machine interfaces and navigation characteristics, as well as
caster wheels technologies. In Chapter 3, it is introduced the robotized wheelchair project,
comparing the new project with the old one, and detailing the project from hardware to
software. In Chapter 4, it is given the methodology used in the present work, describing the
models applied for simulation and the control techniques aiming to solve the path deviation
problem caused by the caster wheels. In Chapter 5, it is shown the results and discussed
them. Finally, conclusions achieved for this research work is given in Chapter 6.
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Chapter 2
State of the Art
This chapter presents the state-of-the-art technologies of electric-powered wheelchairs as
well the developments over the years. It is shown some wheelchairs available nowadays on
the market emphasizing their main characteristics such as materials, design, means of
propulsion, wheels, human-machine interfaces, electronics, weights, and so on. Then, it is
introduced dierent wheelchairs used and developed by several research groups all over the
world and over the time. Each research group focuses on developing solutions specic to
their applications and targeted wheelchair’s users.
Furthermore, this chapter addresses the caster wheels technologies and all the studies over
the years in order to achieve its best usage on wheelchairs. It also presents some control
techniques and algorithms aiming to decrease and soften the disturbances caused by the caster
wheels while moving the wheelchair through the environment.
2.1 Electric-Powered Wheelchairs
The history of wheelchair is lled with complexity and cannot be explained in a simple way.
The power mobility has revolutionized the life experiences of many disabled people, enabling
independence, social interaction, and bringing social-psychological development. However,
wheelchair technologies have developed slowly since they are not simply technical devices,
but also machines entwined with social conditions and expectations [58].
Electric-powered wheelchair (EPW) dates back to 1915 when it was used not only by
disabled people, but for those who wanted to enjoy comfort and luxury. By the early 1920s,
the idea of building electric-powered vehicles specically for disabled people came to light.
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However, the primary means of powering the so called invalid carriages (apart from manual
power) was the petrol engine, because the electric versions were more expensive [58].
People could argue that the usage of electric-powered wheelchair was simply limited by
the technology, but that was not the only reason. Electrically powered cars were a popular
mode of transportation during the rst decade of the 20th century, so the technology was
there. For further innovations in powered wheelchairs to happen, three important strands
had to rst come together: developments in antibiotics, the expansion of rehabilitation, and
the growth of movements in favor of disabled persons [58].
Penicillin discovery in 1929 was extremely important in the saving and extension of life
for many people with severe impairments through the decreasing in general infections.
World War II in the 1940s, polio epidemics of the late 1940s and early 1950s, thalidomide in
the 1960s, and the Vietnam War in the 1960s and 1970s all motivated engineering research
and development towards assistive devices, with increased attention on electric-powered
wheelchairs [58].
After World War II, movements in favor of disabled persons has grown because of the
consequences of the war. They claimed for changes in employment practices, transport, and
access to the environment, transforming notions of what independence for disabled people
meant, which in turn made room for innovations in wheelchair design and use [58].
The end of World War II therefore culminated in the introduction of some electrically
powered wheelchair for both indoor and outdoor use. For example, on the U.S. market, the
Mitchell Motor Chair Co. launched its electrically powered wheelchair in 1948 for people
with quadriplegia. This wheelchair had a central steering post, which controlled speed,
direction, and braking. The Mitchell Motor Chair was not the only model available on the
market. Business like the W. M. Frank Sales Co. and Stevens Motor Chair Company were
also oering their wheelchairs [58].
The rst motorized wheelchairs available from the late 1940s, according to a disabled
people association, were too cumbersome for use and the controls were beyond the physical
capacity of quadriplegics. In part, the solution to these problems came in form of motorized
attachments that would t standard folding wheelchairs [58].
In 1953, George J. Klein completed building the Klein Wheelchair (Fig. 2.1) with a design
most similar to the traditional ones there are nowadays. It had an autonomy of 32.2 km and
a top speed of 4 km/h. The Canadian Department of Veteran Aairs decided to share the
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technology freely to other countries, making a symbolic gesture of sharing technology for the
welfare [58].
Figure 2.1: George J. Klein in the Klein Wheelchair (source: https://news.engineering.utoronto.ca
/maker-george-klein-rst-electric-wheelchair).
After Klein’s invention, the EPW with twin internal motors and joystick control became
the model for commercial production. The emergence of single-board microprocessors in the
mid-1970s allowed controllers to be improved enhancing, therefore, drivability and safety.
However, since the 1980s, although advances have been made in the design of EPWs, the
control algorithms for the wheelchairs have not improved substantially. Thus, progress in
control techniques and algorithms for EPWs are needed in order to expand the population of
people who can drive independently [11].
Research on control techniques and algorithms for powered wheelchairs is important since
the current level of controller customization (maximum speed, braking limits, and acceleration
limits) is adequate for meeting the needs of highly skilled operators, but not all disabled people
with severe physical limitations. However, little research on wheelchair control can be found
on the literature [11].
The most common variable to control on an electric-powered wheelchair is its velocity.
Normally, the wheelchair driver uses the joystick to send commands to the wheelchair’s motor
controllers in order to change the EPW speed using no feedback. Using a control algorithm
with velocity feedback, the wheelchair can follow the speed prole set by the user, regardless
of terrain or slope. Therefore, the user can move the wheelchair at the same desired speed
going up an incline or going down. The same way when comparing a hard surface to a soft
one. In Shung et al. [51] the authors propose a computer model of a wheelchair and its motor
control circuitry and in a later work [52] they present a wheelchair velocity feedback controller
based on the model mentioned before. In Brown et al. [3] an adaptive optimal controller was
2.1. ELECTRIC-POWERED WHEELCHAIRS 25
developed based on a modied proportional, integral, and derivative (PID) control. Several
other works were done in order to achieve speed control feedback [11].
Traction control is a term very used in the automobile industry, and it works to ensure
maximum friction between the road surface and the tires. This kind of control can be applied
to EPWs to improve driving safety, because, depending on the situation, any loss of friction can
have serious consequences. Work related to traction control is usually found in automotive
literature [11].
Another important control system that could be used in electric-powered wheelchairs is
the suspension control. Wheelchair users are frequently subject to traumatic shocks and
vibrations caused by obstacles such as bumps, curb descents, and uneven driving surfaces. H.
Seidel [50] studied the eects of these vibrations on the body, and it is observed that the
traumas can cause physical and mental fatigue for the users that can further deteriorate their
condition. Therefore, it is necessary to have a suspension system to alleviate much of this
trauma. Most wheelchairs nowadays have a passive suspension system to reduce the level of
vibration, but it is important to research active suspension system to improve the user
experience when driving through irregular terrain conditions [11].
According to studies such as those conducted by Kirby et al. [29], Ummat et al. [56], and
Calder et al. [4], showed that several thousands of wheelchair accidents happen every year in
the U.S. and that most of them are caused by falls and tips. These statistics demonstrate the
need of implementing a stability control system in order to reduce the incidence and severity
of these accidents and to make the wheelchair safer [11].
Another relevant system that should be considered for wheelchairs is the ability of
climbing stairs. Stairs present a notorious obstacle to wheelchair users and several systems
have been developed to provide the ability to climb steps (Fig. 2.2) while maintaining
stability for the overall mechanism on stairs [11].
Other types of design may be considered when building a wheelchair in order to deal
with dierent challenges faced by disabled people. For instance, Cybathlon is an international
competition in which people with physical disabilities compete against each other to complete
everyday tasks using state-of-the-art systems and, therefore, stimulates the development of
these new wheelchairs. For this competition, Chiba Institute of Technology has developed a
robotic wheelchair (Fig. 2.3(a)) that has wheels that turn into legs. B-Free Tech Ltd. company
has developed a smart wheelchair that climbs up stairs (Fig. 2.3(b)). The Hong Kong University
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(a) (b)
Figure 2.2: Wheelchairs with ability to climb up stairs: (a) The iBOT 3000 Transporter
developed by DEKA and Johnson and Johnson (source: https://br.pinterest.com/pin
/668432769663167975/?d=t&mt=login) and (b) Scalevo wheelchair developed by ETHZ
students (source: https://www.nigerianewspaper.com.ng/2017/11/this-wheelchair-has-no-
problem-with.html).
of Science and Technology has developed a tank-like wheelchair (Fig. 2.3(c)) that can drive
through rough terrain and climb up stairs. Future wheelchairs can also be built similar to
some insects and animals, beneting from the way they deal with rough terrain [11].
(a) (b) (c)
Figure 2.3: Cybathlon competition wheelchairs: (a) Chiba Tech (source: https://instamedia.com
/technology/robotic-wheelchair-raises-it-wheels-to-get-over-obstacles/ ), (b) B-Free Tech Ltd.
(source: https://www.bfreetech.com/ ) and (c) Hong Kong University of Science and
Technology (source: https://www.ust.hk/news/recognition/hkust-wins-silver-cybathlon-worlds-
rst-olympics-bionic-athletes).
For people with severe disabilities, it is important to develop other control strategies in
order to compensate their lost autonomy. Researchers all over the world have been applying
technologies developed for mobile robots to these new wheelchair versions called "smart"
wheelchairs. A smart wheelchair consists of a standard powered wheelchair base upgraded
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with a computer, sensors and actuators such as a manipulator, or a mobile robot base to which
a seat has been attached [11].
2.2 Smart Wheelchairs
A smart wheelchair (SW) is an electric-powered wheelchair to which computers, sensors and
actuators are incorporated. Smart wheelchairs were created in order to supply the needs of
some people with disabilities that cannot use traditional joystick to navigate. In Mota [38], the
author created a human-machine interface that works as a head joystick for users to command
and control the wheelchair. In Carlson et al. [5], the authors describe the use of noninvasive
brain-computer interfaces (BCIs) in order to provide a way for severe disabled users control
the wheelchair through their thoughts. Other types of control systems have been developed,
like chin joysticks and sip-n-pu [20], [1]. In other cases, EPW users may have diculties
with maneuvering so they would benet from an automated navigation system. For example,
in Zhang et al. [61] the researchers have used an automatic navigation system together with
a BCI control because the signal from the electroencephalogram is noisy and can generate a
signicant mental burden for the user [31].
Several researchers are now focused on this new concept of smart wheelchairs, i.e.,
wheelchairs that cooperate with the user, and they have used technologies originally
developed for mobile robots to create these innovative means of transportation for the
disabled. According to Pineau et al. [45] the transition to smart wheelchairs is at least as
important as that from manual to powered wheelchairs and possibly even more important.
The human-computer interface hardware, the sensor processing algorithms, and the
machine-vision innovations give people with disabilities not only mobility but also the
necessary help and support to handle daily activities [31].
Electric-powered wheelchairs are usually prescribed to those people who cannot use a
manual wheelchair. However, great part of these people buy powered wheelchairs that often
do not meet their needs because of their particular disabilities. Some people with quadriplegia
end up making major modications to their own wheelchairs in order to have additional safety
measures. There is, nowadays, little assistive technology included in the wheelchair to make
it "smart", which is the goal of researches conducted on integrating "intelligent" technology
on an electric-powered wheelchair, creating the smart wheelchair [31].
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The majority of smart wheelchairs that have been developed are highly integrated with
the underlying powered wheelchair, requiring signicant modications to function properly.
Ideally, the smart wheelchair system should be easily removable from the wheelchair so that
the user can attach it to dierent chairs [31], like the system developed by Pinheiro et al. [46]
where machine vision technologies together with a computer and a 3D camera allow the user
to control the wheelchair using facial expressions. This system can be applied to any electric-
powered wheelchair that has a traditional joystick attached to the armrest.
The input methods, as the one cited before [46], are very important when dening the best
choice for controlling the wheelchair and it is usually specic to the user’s needs. However,
many research projects around the world neglect the adaptation of their user interface to the
user’s needs [31]. These input might include sensing methods such as touching, computer
vision, accelerometry, and electroencephalogrametry (Fig. 2.4).
(a) (b) (c)
Figure 2.4: Dierent input methods for a smart wheelchair: (a) Computer vision-based system
to detect user’s facial expressions (source: http://agencia.fapesp.br/wheelchair-controlled-by-
facial-expression/23256/ ), (b) Head-joystick (source: https://www.magicmobility.com.au/taking-
control-choosing-the-right-controller/ ) and (c) Brain-computer interface (source: https://
thinktechuk.wordpress.com/tag/ep/ ).
The brain-computer interface (BCI) technologies have been successfully and widely
applied to control the wheelchair using brain-generated signals. State-of-the-art BCI, besides
controlling the wheelchair, are being used to monitor the user’s emotional state [18] such
that when the user is unsatised, the control system will stop the wheelchair and wait for
another command. In Leishman et al. [34] the authors propose a controller that enables the
user to move the wheelchair with a series of indications on an interface displaying a view of
the environment, bringing about automatic movement of the wheelchair. Tavares et al. [55]
present an user interface that communicates with the electric-powered wheelchair via an
Android app. Thus, the user or a caregiver can control the wheelchair with their
smartphones [31].
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Aiming to locate obstacles and provide accurate localization for the wheelchair,
information from internal sensors such as encoders and IMUs is fused with other
exteroceptive sensors (e.g., lidar, sonar, radar), even when some of them operate with low
precision. Being able to locate itself and detect obstacles help the embedded software of the
wheelchair to be "smart" and to provide more autonomous functions. Therefore, the smart
wheelchair is able to help the user with its daily mobility. Numerous input methods have
been developed for these smart wheelchairs, and the goal is to let the user to operate the
wheelchair without giving many commands, reducing the amount of stress and eort they
might undergo. Future research should focus on minimizing the need for users to provide
continuous input commands in order to operate the wheelchair eciently [31].
With the sensing and actuation technology developed and the processing algorithms
available so far, it is possible to navigate the wheelchair in three dierent modes: manually,
semiautonomously and autonomously. The manual navigation is for high skilled users who
does not have severe motor disabilities. The choice between the autonomous and
semiautonomous system depends on user’s abilities and budget. Users who lack the ability to
plan and execute the path to the desired destination would benet most from an autonomous
navigation. The disadvantage of working with an autonomous navigation is that it is
necessary for the system to know the environment the wheelchair is immersed. If the user is
able to plan and execute most of the path to the desired destination, it may be benecial to
use a semiautonoumous navigation technique that avoid collision such as the one described
in Olivi [42]. Some smart wheelchairs [37], [30] have been developed to follow alongside a
companion or a caregiver. Due to sensing limitations, most of the navigation system is
designed to work in indoor environments. For example, one of the main challenges to
outdoor localization is that the GPS system is not always reliable and precise. Thus, future
research will focus on navigation in outdoor environments [31].
As addressed earlier, manual and electric-powered wheelchairs are the most common
technologies used by disabled people, but these technologies are unsuitable for many users.
It is necessary to consider several human factors in order to design new technologies for
smart wheelchairs. The rst issue to be considered refers to the human-machine interface: it
must be developed to provide assistance to people with disabilities and, at the same time,
respect their privacy. The second issue to be considered refers to the learning rate of the
technology: Di Gironimo et al. [10] used a virtual reality environment to test the usability
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assessment of control devices for a wheelchair-mounted robot manipulator to assist disabled
people. The third issue refers to physiology: when using the wheelchair it is necessary to
verify if no physical strains is imposed to the user. In Kanki et al. [26], researchers measure
the physiological indices in order to evaluate the physical strains on human body when the
wheelchair is inclined. The fourth issue to be taken into account is the social issue related to
disability, because wheelchair users want to apply assistive technology to reach the
following aspects: quality of life, realization of personal goals, positive self-esteem, personal
dignity, independence, social interaction, among others. The fth and last issue to be
considered refers to commercialization: the only commercially available smart wheelchair is
the Smile Rehab’s SW (Fig 2.5), it is still expensive because of the technology it uses, and its
autonomous navigation system only works for indoor environments. Also, many insurance
companies do not oer coverage for these new smart wheelchairs because these companies
want proof that the technology is safe in order to avoid liability disputes [31], [8].
Figure 2.5: Smile Rehab’s smart wheelchair available to the consumer (source: https://
ilcaustralia.org.au/products/17613).
An SW may be tested several times without an user, under laboratory conditions, but it
is dicult to run tests with disabled people. Research done with smart wheelchairs and a
person controlling it are considered human trials, and are subject to government regulations
in Brazil [47] and in the U.S. [41], for instance. As a result, insurance companies are reluctant
to oer coverage and to provide reimbursement in case of accidents [31].
In the future, solved the problems related to liability, the smart wheelchairs will become
a product every disabled person can have. The SWs will be commercialized in a way that it
will be customized to attend each user needs. Users will be able to switch from autonomous
to semiautonomous navigation and select the best user interface method for them. Besides
that, severe disabled people will be able to dislocate from one place to another applying an
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autonomous system for outdoor usage. These smart wheelchairs will be registered and insured
the same way automobile vehicles are today [31] and autonomous vehicles in a near future.
2.3 Caster Wheels
A caster wheel is a wheel device typically mounted into a larger object that enables relatively
easy rolling movement of the object. There are two distinct types of caster wheels: swivel
caster or rigid caster wheel, as shown in Fig 2.6. The swivel caster wheel pivots around a
spindle to allow it to rotate and roll. The rigid caster wheel has its wheel mounted in a xed
frame and it only rolls forward and backward.
(a) (b)
Figure 2.6: The two distinct types of caster wheels: (a) swivel caster (source: https://
www.homedepot.com/ ) and (b) rigid caster (source: https://www.homedepot.com/ ).
Casters have their usage widely spread as they are found in many applications like oce
desk chairs, hospital beds, wheelchairs, shipyards and automotive factories (Fig. 2.7). They
range in size from very small furniture caster wheels to huge industrial types, and they have
load capacities that spans from a few kilograms to several tons. They can be made of dierent
materials such as iron, plastic, rubber, polyurethane, polyolen, nylon, forged steel, stainless
steel, aluminum, among other materials.
Most wheelchair designs use swivel caster wheels for maneuverability and static
equilibrium and they can be located in the front or in the back of the wheelchair. This work
will focus only on conventional designs of wheelchairs (with the caster wheels in the front)
because they are most commonly used and available for us in the laboratory. As discussed in
Chapter 1, the caster wheels can cause severe path deviation and instability, independently
of the location of the caster wheels. This type of behavior can jeopardize autonomy of a
smart wheelchair, and can put in doubt implementation and commercialization of the SW
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(a) (b)
(c) (d)
Figure 2.7: Dierent applications for caster wheels: (a) Oce desk chair (source:
https://www.amazon.com/ ), (b) Hospital bed (source: https://www.indiamart.com/ ), (c)
Wheelchair (source: https://www.1800wheelchair.ca/ ) and (d) Shipyard cart (source: https://
footage.framepool.com/en/home/ ).
technology. In Guo et al. [21] the authors investigate the inuence of dierent initial caster
wheel orientations on the stability of the wheelchair while going backwards, which is the
capacity of keeping on a determined track while going on reverse. They found that the drive
direction error was distinct for various initial caster wheel orientations. They show that the
drive direction error was greatest when both casters were oriented 90o to the left or right,
and least when both casters were oriented forward. This drive direction error corresponds to
loading dierences on the casters. Loading dierences cause asymmetric drag on the casters,
which in turn causes unbalanced torque load on the motors. This results in dierence in
motor speed and drive direction error. The eects of loading dierences may be minimized
by reducing the weight on the front casters or by reducing the length of the caster trail
improving, therefore, stability while going on reverse. Nevertheless, as argued by
Kauzlarich et al. [28], [27], decreasing caster trail will favor the onset of caster shimmy
which is a rapid side-to-side swiveling motion of a caster wheel. In Ding et al. [13] the
researchers also examine the inuences of caster orientations as well as driving speeds and
center of gravity (CG) on the stability while going on reverse of electric-powered
wheelchairs. The results of this work, similar to those achieved in [21], show that the drive
direction error is higher when the casters are oriented 90o to the left or to the right. It also
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shows the faster the intended speed of the rear wheels, the less deviation of the wheelchair
from its desired heading. This study demonstrates that the center of gravity should be closer
to the rear wheels’ axle than to the caster wheels’ axle in order to have less deviation from
the desired heading.
Other articles related to caster wheels and wheelchairs have been published throughout
the years, yet this is not a very studied topic. Zepeda et al. [60] proposes a way to reduce
energy losses from rolling resistance friction during wheelchair propulsion by increasing the
size of the front caster wheels and adjusting the weight distribution. The results show that
smaller caster wheel diameters increases drag forces during wheelchair propulsion. However,
caster size does not bring signicant dierence in the drag force when the wheelchair user has
30% or less of his or her weight supported by the caster wheels. Weight distribution aects
drag force regardless of the set of caster wheels used. Therefore, weight distribution plays a
more important role than wheel size when trying to reduce energy losses.
Chénier et al. [6] shows an open-loop observer that estimates each caster wheel’s
orientation based on the rear wheel’s kinematics. Comparison between the estimated caster
wheel’s orientation and a reference one recorded by a sensor device gave an accuracy error
of less than ±8o. This study is relevant for a good prediction of the caster wheel’s orientation
when it is not possible to measure this angle.
Mhatre et al. [36] developed and demonstrated the feasibility of a caster system test
method. Because of the adverse environmental conditions present in less-resourced
environments, and the lack of test methods for the caster wheels in such environments
which is needed to support product quality standards (according to the International
Organization for Standardization Wheelchair Testing Standards), this group of researchers
identied caster test methods as a high priority.
Panomruttanarug et al. [44] and Chotikunnan et al. [7] developed a self-balancing system
for the wheelchair where it has a lifting mechanism to suspend the front wheels (casters) and
a control structure to enable stability on the two rear wheels. With this kind of strategy, the
wheelchair does not suer from the eects caused by the caster wheels (since they are lifted
up) and, therefore, it can follow a planned path without deviations, which makes it easier
to implement an autonomous navigation system. However, it is dicult to build and certify
according to the norms regulating this type of wheelchair since it can bring risks to the user.
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In Brazil, it is necessary to follow the ABNT 7176 norms in order to certify any wheelchair
available on the market.
2.4 Wheelchair Locomotion Control
As mentioned in Section 2.1, great advances have been made in the design of electric-powered
wheelchairs over the past 20 years. Meanwhile, the control algorithms for these wheelchairs
have not improved signicantly since the 1980s. Researchers have been working to make the
electric-powered wheelchair driving safer, more eective in a wide variety of environments,
and functional for more people with the application of advanced control systems. The simple
proportional-integral (PI) velocity controller used today on most EPWs does not perform well
when subjected to disturbances, sensor uncertainties and load variation sometimes caused
by caster wheels misalignment [57]. This section will give a brief review of the locomotion
controllers used and developed for powered wheelchairs.
Luo et al. [35] developed an intelligent wheelchair to assist severely handicapped people
who are unable to control the wheelchair in a classical manner, i.e., by using a joystick
positioned in the wheelchair’s armrest. They describe a grey-fuzzy decision motion
algorithm for the tracking control of the wheelchair to follow a guiding service robot in an
unknown environment.
Brown et al. [3] developed an adaptable optimal controller for the electric-powered
wheelchair. Optimal control theory and pattern recognition techniques are combined to
produce the design of a controller using a modied proportional, integral, and derivative
(PID) control method. The controller is adaptable because multiple sets of control coecients
are used depending on the wheelchair load parameters. The appropriate set of control
coecients are automatically selected based upon load parameters estimates that are
calculated based on the wheelchair model proposed by Johnson et al. [24]. This model is a
dynamic model of the wheelchair developed and validated by experiments on a real
wheelchair, and it is developed considering that the wheelchair travels through a at oor, it
does not slip, there is friction between the wheelchair and the oor, and the caster wheels
imposes some movement constraints. This model will be used in this work for wheelchair
simulations.
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Onyango et al. [43] worked with a dynamic wheelchair model that accounts for uphill
and downhill gravitational disturbances, frictional forces and slipping eect. Input-output
feedback linearization has been applied in tracking linear velocity and angular orientation
and in the development of the control law applied in this model. The developed controller
successfully tracks and maintains desired angular orientation and linear velocity of the
wheelchair with and without slip on an incline.
A smart wheelchair system consists of two control levels known as supervisory control
level and drive control level. The supervisory level generates control commands based on
information from sensory systems and user intention. These commands are sent to the drive
control level, which drives the wheelchair’s motors. Various advanced control strategies for
the driver control level have been developed. However, none of these techniques have treated
powered wheelchairs as a multivariable system. Nguyen et al. [40] propose a neuro-sliding
mode multivariable control approach for the control of a wheelchair system. The system is
decoupled into two independent scalar control problems and, then, two Neuro-Sliding Mode
Controllers (NSMCs) [16] are designed for these subsystems.
Other works have been produced with the objective of overcoming the barriers imposed
by caster wheels when trying to control the wheelchair. In Lee et al. [32] the authors present
an orientation compensation scheme for a wheelchair with misaligned caster wheels in order
to correct driving errors due to an unbalanced load distribution. The algorithm accumulates
angular dierentials from the desired heading until achieving steady state driving, obtains
the net rotation angle in which the wheelchair has deviated and then compensates for it by
controlling the speed dierence of the two driving wheels on left and right sides. The proposed
scheme corrects the heading but does not prevent the wheelchair to displace from its intended
path. In Nascimento Jr. [39] the author proposed a speed control technique for each driving
wheel that compensates dierent load torques due to misalignment of the caster wheels. With
a proposed transfer function from motor input voltage to wheel angular velocity the author
estimated the proportional-integral controller parameters in such a way to make the right and
left motors have a similar step response and, thus, the wheelchair would not deviate from its
desired orientation. In the same way as the work described previously, this technique only
corrects the wheelchair’s heading, but not the overall path deviation. In Röfer et al. [48], it
is described an actuator on the caster wheels for the purpose of aligning them to match the
orientation of the current driving direction. Nonetheless, carpets and rugs might be dragged
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by the motorized caster wheels due to friction, an undesired behavior. Additionally, motorized




This chapter will detail a project aimed to develop a smart wheelchair in partnership with SEW
Eurodrive Brasil company from the experiences acquired from a previous project supported by
FINEP and described in [39].
3.1 Project Objectives
The main goal of this new project was to develop a smart wheelchair more robust, reliable,
and with a better design than the one developed by Nascimento Jr. [39]. The wheelchair used
for both of these projects was a Freedom SX manufactured by Freedom Veiculos Elétricos LTDA
(Fig. 3.1).
(a) (b)
Figure 3.1: Wheelchair used: (a) Old project and (b) New project (source: elaborated by the
author).
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One of the main dierences is that the motor used before was a Bosch brushed DC motor
controlled by the EM-243A module produced by Electromen. This controller adjusts its output
voltage depending on the PWM signal received from a microcontroller. This signal produces
a high frequency noise that can be, sometimes, disturbing for the user during the wheelchair
movimentation. Two EM-243A modules were used, one for each motor. Now, it is used a 370
Watt Midwest Motion brushless DC (BLDC) motor much more robust and reliable than the one
used previously. The controller used is a FBL2360 module produced by Roboteq that controls
both motors, and its output is a three phase voltage that controls the motors’ velocities. With
this new setup, almost no noise from the motors is perceived.
In the previous project, an unique Arduino Mega 2560 was responsible for the encoders
readings. Reading encoder directly from microcontrollers is cumbersome as the square waves
produced by the encoders are processed through interruptions. Now, the Roboteq controller
reads the encoder data without much computational cost for it and provides this information
at a rate of 60 ms.
As one of the project objectives is to build an aordable and low cost smart wheelchair,
the usage of a Laser Rangender 2D was put away given the fact that the good ones are still
expensive in the market. Therefore, in order to detect obstacles and objects in the environment,
it was used other types of sensors such as radars and sonars.
A novelty of this new project is the usage of two magnetic sensors AS5601 modules
fabricated by AMS in order to detect the caster wheels’ angular position. This is important
since the information given by these sensors will provide a clue, in advance, of how much
the wheelchair will deviate from the intended trajectory.
3.2 Project Requirements
The main motivation for building the wheelchair described in this section is to derive the main
requirements the new generation of wheelchairs, the so called smart wheelchairs, must fulll
in order to oer a safe and comfortable driving. We focus on the caster wheels as one of the
major causes of path deviation, although other causes such as unbalanced load distribution [9]
and irregular oor or pavement might be addressed as well.
The rst requirement for precise locomotion is odometry. Although research robots
present accurate odometry, achieving it on wheelchairs is challenging due to factors such as
3.2. PROJECT REQUIREMENTS 39
wheel slippage, mechanical imprecision, and lack of sensoring and processing power for
running localization algorithms. The second requirement is related to traction. Brushless DC
motors combined with high resolution encoders and exible and congurable motor drivers
allow precise locomotion control schemes based on velocity, torque, and position feedback.
The third requirement is to provide the wheelchair with embedded processing capacity able
to run basic robotics algorithms such as path tracking, collision avoidance, and sensor
processing and fusion. The fourth requirement is connectivity. Smart wheelchairs must be
controlled from multiple devices, e.g., smartphones, adjunct processors, and specialized
devices such as BCIs and 3D cameras. Finally, cost, reliability, autonomy, and certication
issues permeate all the remaining requirements. For smart wheelchairs to reach the market,
expensive and energy consuming sensors and unusual designs must be put aside.
In this section, it is discussed the new project from hardware to software.
3.2.1 Hardware
Two 370 Watt BLDC motors manufactured by Midwest Motion are used to propel the
wheelchair’s rear wheels. They are tted with encoders, in order to obtain their velocities,
and electromagnetic passive brakes, which means it is necessary to apply voltage in order to
release the brakes. These motors are controlled by a dual channel motor controller produced
by Roboteq denominated FBL2360 with CAN (Control Area Network) communication
interface. This equipment allows the system to control two motors at the same time by
driving the motor and reading the encoders. The motor controller makes it possible to
control the rear wheels velocities or angular positions, for example. The encoders are
important for helping controlling the motors and computing the wheelchair’s odometry.
Also, at the low-level layer, and aiming to read the caster wheels’ angular position relative to
the wheelchair’s frame, two magnetic sensors (AS5601) are used. These magnetic sensors are
precise, inexpensive, and reliable, making the use of angle estimators totally unnecessary.
Then, the information given by these sensors are read by a Teensy LC microcontroller. An
inertial measurement unit (IMU) SparkFun 9DOF was installed in order to increase the
precision of the encoder-based odometry. A Kalman lter implementation [25] combines the
angle given by the odometry with the angle given by the gyroscope to improve the precision
of the angle measurement (for a further review of the method consult Appendix A). Range
nder sensors such as sonars (HCSR04), single beam lasers (Lidar Lite V3) and a 76-81 GHz
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automotive radar sensor (IWR1443) were also installed as obstacle and step detectors. All the
components described above compose the low-level layer as shown in Fig. 3.2.
Figure 3.2: Wheelchair’s main components (source: elaborated by the author).
The intermediate-level layer is composed of an Upboard single board computer with the
following specication: Intel Atom X5-Z8350 Processor 64 bits, 4GB RAM and 64GB eMMC,
running the Linux operating system. Additionally, at this layer there is a Wi-Fi access point
and a ve ports Ethernet Switch. The use of the Wi-Fi access point is to provide a wireless
network in order to communicate with other devices from the upper layer. However, this
communication is not always reliable, so the Ethernet Switch also provides access through
cable. This layer is responsible for overall processing, since all information management is
done on the SBC, and can be accessed through three dierent networks: wired and wireless
Ethernet by using either the Wi-Fi access point or the Ethernet Switch, and CAN. The SBC
exchanges information with the motor controller, collects caster wheel’s angular data from
the microcontroller, and reads data from a IMU, sonars, lidars and a radar. Then, it provides
these data to higher level layers, where interfaces and application units are employed.
Finally, the high-level layer consists of extra processing units necessary for additional
functions such as shared control [17], localization and mapping, and assistive interfaces. We
have been developing assistive interfaces based on facial expressions that run on
smartphones. With the computational power found on today’s smartphones, these mobile
appliances will be important processing elements for smart wheelchairs.
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3.2.2 Communication Network
Fig. 3.3 shows the schematics for the wheelchair communication network, and the interfaces
used are described next.
Figure 3.3: Wheelchair communication network (source: elaborated by the author).
The dual channel motor controller has a CAN communication interface. Also, the SBC has
a CAN-USB interface in order to communicate with the motor controller. Through the CAN
network, the SBC sends velocity setpoints and receives encoder data from each motor.
The two magnetic sensors that read the caster wheels’ angular position communicate via
I2C protocol with the Teensy microcontroller. Since these two sensors have the same I2C
address, they are connected to two dierent I2C ports on Teensy. The 12 bit angular data is
sent from the magnetic sensors to the microcontroller, processed and converted into angle
information, and then forwarded via a serial communication link to the SBC.
The wheelchair oers a REST API (or RESTful API) that allows assistive interfaces to
access all the wheelchair services via the HTTP protocol. The central elements in RESTful
architectures are resources. A resource is any entity, concept, or thing, modeled by a piece of
information (its representation) that captures its current state. A resource is identied
network-wide by a URL. Resources are kept by stateless HTTP servers, being operations
over resources few and similar to those employed in databases. Our API uses HTTP requests
to create a resource (PUT request), to access a resource state (GET request), to update a
resource state (POST method), and to remove a resource (DELETE request). The assistive
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interfaces interact with the wheelchair by manipulating the resources the API supports. For
instance, the speeds of both wheels can be set independently in the resource /motion/vel2 by
passing a JSON object with the new resource’s target state, e.g., "vel2":"right": 100.0,"left":
120.0. Other resources allow to control directly the wheelchair’s motors, read motor speeds
and current (torque), read battery voltage, issue emergency stop commands, read motor
controller status, and so on. A detailed description of the RESTful API employed in the
wheelchair can be found in [53].
3.2.3 Software
The SBC is the embedded system of the wheelchair and it runs the Linux operating system, as
mentioned in Section3.2.1. The programs responsible for the information management of the
system are written in the Python programming language. There are several processes running
concurrently, because it is necessary to read data from the sensors, manipulate and store this
data, send information to other components of the system, interface with the user, and so on.
This way, it was vital to create multiple threads and to manage critical sections for avoiding
race conditions among the threads.
A total of ve threads were created. The rst thread (main.py) is responsible for
initialization, triggering the other threads, and interfacing with the GPIO pins of the
Upboard. The second thread (odometry.py) is in charge of computing and storing odometry
and caster data. The third thread (httpserver.py) implements an HTTP server the REST/HTTP
communication. The fourth thread (caster.py) is responsible for serial communicating with
the Teensy microcontroller in order to get the caster wheels’ angular positions. The fth and
last thread (control.py) is in charge of sending the required velocities to the motor controller




This chapter presents all theoretical and practical foundations necessary to the development of
the present work. First, it is described a kinematic model for the motion of the wheelchair. The
electric-powered wheelchair with two motors can be considered a dierential-drive mobile
robot with a dislocated center of rotation, therefore, it will be used the mobile robot model for
the wheelchair.
The inuence of the caster wheels on the wheelchair movement is considerable, thus it is
needed to consider this eect on the model. The caster wheels introduce forces and torques
acting on the wheelchair’s frame and, consequently, a dynamic model for the wheelchair is
necessary. Two dierent models are presented in this chapter.
For each model dierent control strategies are brought up. These strategies are described
in detail, indicating their dierent approaches. The goal of the controllers is to reduce, avoid,
or correct deviation of the wheelchair from the intended trajectory whenever describing
rectilinear or curvilinear paths. The controllers are simulated on a computer using their
respective models, and the best strategy is, thereafter, implemented on the laboratory
wheelchair. The criteria for best strategy considers its ability to reduce signicantly the path
deviation, feasibility, monetary cost, user comfort, and security.
For this dissertation, it was developed, in partnership with a company, a smart wheelchair
using the equipment available on the laboratory for processing, actuation, and sensing, as
detailed in Chapter 3.
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4.1 Kinematic Model
To describe the wheelchair movement, it is necessary to obtain its kinematic model. In
Mechanics, kinematics is the study of a body’s motion without considering the forces and
torques involved. Accordingly, knowing the body’s geometric form, it is possible to
determine its position, velocity or acceleration using the kinematic modeling. In the context
presented here the wheelchair will be considered a dierential-drive mobile robot (Fig. 4.1),
as stated previously, so all equations developed in the chapter for the mobile robot can be
applied for the wheelchair. The wheelchair position is computed from the kinematic model
fed with the wheel’s velocities read from the encoders.
Figure 4.1: Despite geometrically dierent, a wheelchair can be considered a dierential-drive
mobile robot because of the two independent motors (source: elaborated by the author).
Each robot has its own physical characteristics and it is necessary to know, in advance,
the distance between the two wheels (푙) and their radius (푟 ) which are robot construction
parameters. It is important to notice that the wheel radius vary according to tire calibration,
payload, and temperature. Therefore, both wheels must have the same calibration in order to
get right results from the model. Fig. 4.2 shows the robot, which has two motorized wheels
and a support wheel for static equilibrium, and all physical parameters necessary to develop
the kinematic model.
Figure 4.2: Dierential-drive mobile robot with two motorized wheels and a support wheel
(source: elaborated by the author).
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For the kinematic model of the robot, besides the values of distance between the wheels
and the wheel’s radius given previously, it is needed to obtain the values of angular velocities
for the right (휙푟 ) and left (휙푙) wheels and the robot’s orientation (휃). With this information,
it is possible to get the linear velocity (푣) and angular velocity (휔) of the robot. The linear
velocities for the right wheel (푣푟 ) and left wheel (푣푙) are given by Eqs. 4.1 and 4.2, respectively.
푣푟 = 푟휙푟 (4.1)
푣푙 = 푟휙푙 (4.2)
where:
• 푣푟 is the linear velocity of the right wheel
• 푣푙 is the linear velocity of the left wheel
• 휙푟 is the angular velocity of the right wheel
• 휙푙 is the angular velocity of the left wheel
• 푟 is the wheel’s radius
Each wheel contributes half of its value into the robot’s linear velocity. Consequently, the
robot’s linear velocity will be given by Eq. 4.3.
푣 = 푣푟 + 푣푙2 (4.3)
where 푣 is the robot’s linear velocity.
After that, it is needed to calculate the robot’s angular velocity and two steps are taken in
order to achieve this objective. The rst step will consider the right wheel’s angular velocity
greater than zero and the left wheel’s angular velocity equals to zero. This conguration is
shown in Fig. 4.3.
The angular velocity will be, then, given by Eq. 4.4 below.
휔 = 푟휙푟푙2 (4.4)
where 휔 is the robot’s angular velocity and 푙 is the distance between the two wheels.
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Figure 4.3: Dierential-drive mobile robot with the right wheel’s velocity greater than zero
and the left wheel’s velocity equals to zero (source: elaborated by the author).
The second step considers the left wheel’s angular velocity greater than zero and the right
wheel’s angular velocity equals to zero. The setup mentioned here is shown in Fig 4.4.
Figure 4.4: Dierential-drive mobile robot with the left wheel’s velocity greater than zero and
the right wheel’s velocity equals to zero (source: elaborated by the author).
Taking this into consideration, the robot’s angular velocity will be, then, given by Eq. 4.5
below.
휔 = −푟휙푙푙2 (4.5)
Using Eqs. 4.4 and 4.5, it is possible to nd the robot’s angular velocity for any velocities
of the wheels, resulting in Eq. 4.6.
휔 = 푟휙푟 − 푟휙푙푙 = 푣푟 − 푣푙푙 (4.6)
4.1.1 Direct Incremental Kinematic Model
The Direct Incremental Kinematic Model consists of calculating the robot’s pose based on its
velocities (linear and angular) at each time instant 푡 . Previously, it was obtained the equations
(4.3-4.6) that translates the wheels’ velocities into the robot’s velocities. Now, it is possible
to obtain the robot’s pose as a function of these velocities. The robot’s pose relative to the
inertial frame is given by Eq. 4.7.





• 푥푡 is the robot’s 푥 position at time instant 푡
• 푦푡 is the robot’s 푦 position at time instant 푡
• 휃푡 is the robot’s orientation at time instant 푡
When the robot moves through a path during a time period Δ푡 , it goes from 푝표푠푒푡 to푝표푠푒푡+Δ푡 . The robot dislocates a certain linear amount Δ푠 and a certain angular amount Δ휃 , as
can be seen in Fig. 4.5. The values of linear displacement (Δ푠) and angular displacement (Δ휃)
can be found in Eqs. 4.8 and 4.9.
Δ푠 = 푣Δ푡 (4.8)
Δ휃 = 휔Δ푡 (4.9)
where:
• Δ푠 is the linear displacement of the robot
• Δ휃 is the angular displacement of the robot
• Δ푡 is the time period between the instants 푡 and 푡 + Δ푡
According to Fig. 4.5:
Δ푥 = Δ푠 cos(휃 + Δ휃2 )
Δ푦 = Δ푠 sin(휃 + Δ휃2 )
Finally, having all the parameters calculated previously, it is possible to determine the
kinematic model for the robot, resulting in Eq. 4.10.
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Figure 4.5: Dierential-drive mobile robot moving through a path between instants 푡 and 푡+Δ푡
(source: elaborated by the author).










Δ푠 cos (휃푡 + Δ휃2 )Δ푠 sin (휃푡 + Δ휃2 )Δ휃
⎤⎥⎥⎥⎥⎥⎦ (4.10)
where:
• 푝표푠푒푡+Δ푡 is the robot’s pose at time 푡 + Δ푡
• 푝표푠푒푡 is the robot’s pose at time 푡
• Δ푥 is the robot’s 푥 displacement
• Δ푦 is the robot’s 푦 displacement
• Δ푠 is the robot’s linear displacement
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• 푥푡+Δ푡 is the robot’s 푥 position at time 푡 + Δ푡
• 푦푡+Δ푡 is the robot’s 푦 position at time 푡 + Δ푡
• 휃푡+Δ푡 is the robot’s orientation at time 푡 + Δ푡
• 푥푡 is the robot’s 푥 position at time 푡
• 푦푡 is the robot’s 푦 position at time 푡
• 휃푡 is the robot’s orientation at time 푡
Using Eq. 4.10, one can calculate the robot’s pose at any time 푡 . This kinematic model
only works for dierential-drive robots, but all equations derived previously can be used for a
standard electric-powered wheelchair by neglecting the displacement of its center of rotation.
For a more precise kinematic model for wheelchairs, it is needed to consider the displacement
of the center of rotation, as depicted in Fig. 4.6.
Figure 4.6: Wheelchair with a dislocated center of rotation (source: elaborated by the author).
Based on this information, the new incremental kinematic model to estimate the








푣Δ푡 cos (휃) − 휔Δ푡퐿2 sin (휃)푣Δ푡 sin (휃) + 휔Δ푡퐿2 cos (휃)Δ휃
⎤⎥⎥⎥⎥⎥⎦ (4.11)
where 퐿2 is the distance between the center of rotation and the rear wheel’s axle, and the linear
and angular velocities (푣 and 휔) are given by Eqs. 4.3–4.6, respectively.
Consequently, for a smart wheelchair with or without its center of rotation displaced
forward, it is possible to compute its pose in the environment at any moment, being the
localization a prerequisite for the wheelchair to be autonomous. For the wheelchair used in
this work, it was used the model not considering a displacement of center of rotation, as no
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dierence between the two models was noticed in terms of providing good localization. It is
important to notice that the tire calibration for both wheelchair’s rear wheels must be the
same in order to use Eqs. 4.10–4.11, otherwise it will give an inaccurate pose.
The method of reading the wheelchair’s rear wheels velocities (through encoders, for
example) and using the kinematic model dened in this section to estimate the wheelchair’s
pose is called odometry. Odometry can be dened as a method of motion estimation in order
to acquire an object’s pose over time, being employed in the overall mobile robotics eld.
4.2 Dynamic Model
Due to the eects of the caster wheels on the wheelchair’s motion, the kinematic model is
only sucient to estimate the wheelchair’s position, but it is not enough to understand the
wheelchair’s behavior while following a trajectory. In this case, it is necessary to know its
dynamic model which is the study of the interaction between bodies through forces and
torques. In Mechanics, while the kinematic model studies only the motion by itself without
knowing what has caused the motion (position, velocity and acceleration), the dynamic
model studies the causes of the motion (forces and torques). For the specic case studied
here, the caster wheels applies forces and torques on the wheelchair’s frame that causes
some disturbances while the wheelchair is moving. Sometimes, this kind of behavior can be
the cause of accidents which may be harmful for the user [12]. Therefore, it is important to
study and predict this type of behavior using a wheelchair dynamic model and, then, apply a
control algorithm to reduce the eects caused by the caster wheels.
In the literature, we found two dierent dynamic models for an electric-powered
wheelchair. The rst model [2] for the wheelchair takes into account the dynamic and
kinematic eects of the caster wheels. This model has been used to determine the wheelchair
trajectory by using a more realistic kinematics, therefore, allowing a more precise calculation
of the spaces that can be reached by wheelchairs, which, in turn, enhances control laws
employed in driving assistance. The second model [24] was developed for the standard
electric-powered wheelchair and it considers the forces and torques interactions between the
wheelchair’s frame, caster wheels and input forces applied by the motors, for example. This
second model is implemented on Simulink, a simulation tool provided by Matlab® software,
and it will be detailed in Section 4.2.1.
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Another model for the wheelchair is developed on a computer-aided design (CAD)
software and exported to V-Rep, a robotic simulation platform [49], in order to have a
dierent dynamic model for the wheelchair. This model allowed us to directly implement the
path tracking control algorithm which was not possible by using the model proposed by
Johnson et al. [24], because we use, as inputs for the system, rear wheels velocities instead of
armature voltages.
4.2.1 Simulink Model
For the dynamic model proposed by Johnson et al. [24], the free body diagram of the system
frame-caster is observed in Fig. 4.7.
Figure 4.7: Free body diagram of the system frame-caster (source: elaborated by the author).
Eqs. 4.12-4.15 are derived from the free body diagram of the system showed previously by
applying Newton’s Second Law of motion for the forces acting on the wheelchair’s frame, and
by using D’Alembert’s principle to relate the torques on the wheelchair’s frame and on the
two caster wheels.
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푅푀퐹2 ((1 + 2푥̄푅푟 ) 휃̈1 + (1 − 2푥̄푅푟 ) 휃̈2) = 퐹1 + 퐹2 − 퐹푟3 cos 훼2 − 퐹푟4 cos 훼1 − 퐹푇3 sin 훼2 − 퐹푇4 sin 훼1−퐹푟1 − 퐹푟2 (4.12)푅푅푟 (퐼표 +푀퐹 (푥̄2 + 2푥̄푅푟 + 푦̄2)) 휃̈1 + 푅푅푟 (−퐼표 +푀퐹 (−푥̄2 + 2푥̄푅푟 − 푦̄2)) 휃̈2 = (퐹1 − 퐹2)푅푟2+ cos 훼1 (푅퐿퐹푇4 − 푅퐹2 퐹푟4) + cos 훼2 (푅퐹2 퐹푟3 − 푅퐿퐹푇3) +푀푎1 +푀푎2 − sin 훼1 (푅퐿퐹푟4 + 푅퐹2 퐹푇4)− sin 훼2 (푅퐿퐹푟3 + 푅퐹2 퐹푇3) −푀푟1 −푀푟2 + 푅푟2 (퐹푟2 − 퐹푟1) (4.13)퐼푐1훼̈1 = −푝퐹푇4 −푀푟4 −푀푎1 (4.14)퐼푐2훼̈2 = −푝퐹푇3 −푀푟3 −푀푎2 (4.15)
where:
• 퐹1, 퐹2 are the wheelchair driving forces
• 퐹3, 퐹4, 퐹7, 퐹8 are the caster reaction forces
• 퐹푟1, 퐹푟2, 퐹푟3, 퐹푟4 are resistive forces
• 퐹푇1, 퐹푇2, 퐹푇3, 퐹푇4 are sliding wheel forces
• 퐼푐1, 퐼푐2 are the moments of inertia of the casters
• 퐼0 is the moment of inertia of the frame
• 푀푎1, 푀푎2 are the caster bearing frictional moments
• 푀퐹 is the frame and rider mass
• 푀푟1, 푀푟2, 푀푟3, 푀푟4 are the frictional moments of the wheels
• 푝 is the caster trail distance
• 푞 is the caster center of mass location
• 푅 is the wheelchair’s rear wheel radius
• 푅퐹 is the distance between the casters
• 푅퐿 is the wheelchair length
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• 푅푟 is the distance between the rear wheels
• 푥̄ , 푦̄ is the wheelchair center of mass coordinates in Xv - Yv
• 훼1 = 훼푟 , 훼2 = 훼푙 are the angular orientation of the right and left casters, respectively
• 휃1 = 휃푟 , 휃2 = 휃푙 are the rear wheels angular displacements of the right and left wheels,
respectively
The variables of interest in Eqs. 4.12-4.15 are the angular orientation of the caster wheels
(훼1 and 훼2) and the rear wheels angular displacements (휃1 and 휃2), and they will be considered
the outputs of the system. The inputs of the system are the wheelchair driving forces (퐹1 and퐹2), still they cannot be applied directly. These forces are delivered through motors and, here,
it will be considered two DC motors because they are the mostly used in electric-powered
wheelchairs and they are also used in the wheelchair developed in this work. The torque
produced by a DC motor can be dened as following:
푇푚 = 퐾푇 푖푎
The motor is, usually, coupled to the rear wheel through a belt/chain pulley system.
Therefore, the torque on the rear wheel will be:
푇푤 = 퐺푅푝푅푚 (퐾푇 푖푎 − 퐽푚휃̈푚 − 훽푚휃̇푚)
The relation between force and torque on the rear wheel is:
푇푤 = 퐹푤푅
Thus,
퐹푤 = 퐺푅푝푅푅푚 (퐾푇 푖푎 − 퐽푚휃̈푚 − 훽푚휃̇푚)
The relation between the motor velocity (휃̇푚) and the rear wheel velocity (휃̇) is:
휃̇푚 = 퐺푅푝푅푚 휃̇
This way, the input forces (퐹1 and 퐹2) are dened by Eqs. 4.16-4.17 as following.
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퐹1 = 퐺푅푝푅푅푚 (퐾푇 푖푎1 − 퐽푚퐺푅푝푅푚 휃̈1 − 훽푚퐺푅푝푅푚 휃̇1) (4.16)
퐹2 = 퐺푅푝푅푅푚 (퐾푇 푖푎2 − 퐽푚퐺푅푝푅푚 휃̈2 − 훽푚퐺푅푝푅푚 휃̇2) (4.17)
Using the armature circuit of a DC motor, and considering the motors driven with constant
voltage sources, Eqs. 4.18 and 4.19 dene the current for these motors.d푖푎1d푡 = 1퐿푎 (퐸푎1 − 푅푎푖푎1 − 퐾푣퐺푅푝푅푚 휃1) (4.18)d푖푎2d푡 = 1퐿푎 (퐸푎2 − 푅푎푖푎2 − 퐾푣퐺푅푝푅푚 휃2) (4.19)
where:
• 퐸푎1, 퐸푎2 are the motor armature voltages
• 퐹푤 , 퐹1, 퐹2 are the forces on the rear wheels
• 퐺 is the worm gear reduction factor
• 푖푎, 푖푎1, 푖푎2 are the motor armature currents
• 퐽푚 is the motor shaft inertia
• 퐾푇 is the motor torque constant
• 퐾푣 is the motor velocity constant
• 퐿푎 is the motor armature inductance
• 푅푎 is the motor armature resistance
• 푅푚 is the motor pulley radius
• 푅푝 is the rear wheel pulley radius
• 푇푚 is the generated motor torque
• 푇푤 is the rear wheel torque from the motor
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• 훽푚 is the motor shaft damping
• 휃 is the rear wheel angular displacement
• 휃푚 is the motor shaft angular displacement
Now, the inputs of the system are the motors input voltages (퐸푎1 and 퐸푎2), which can be
applied directly by any controller available.
The resistive forces (퐹푟1, 퐹푟2, 퐹푟3 and 퐹푟4), the sliding wheel forces (퐹푇1, 퐹푇2, 퐹푇3 and 퐹푇4),
the caster wheel bearing frictional moments (푀푎1 and 푀푎2), and the frictional moments of the
wheels (푀푟1, 푀푟2, 푀푟3, and 푀푟4) must be dened. The values of 푀푟1 and 푀푟2 will be neglected
since a large portion of the expected wheelchair movements would produce small quantities
for them. In addition, the moments 푀푎1 and 푀푎2 will also be ignored since the quantities
expected for them are small as well.
Firstly, it will be dened Eq. 4.20 for the resistive forces. It includes a portion accounted as
rolling resistance of the wheels and another portion that takes into account the axle friction.
The 푠푔푛 function attributes a sign for the variable that is being calculated: if the wheel rolls
in a positive direction, it will assign a positive value for the variable; if the wheel rolls in a
negative direction, it will assign a negative value for the variable; else if the wheel does not
roll, the variable will be zero.
푁1 = 푊푇2 (1 + 2푥̄푅푟 )(1 − 푦̄푅퐿)
푁2 = 푊푇2 (1 − 2푥̄푅푟 )(1 − 푦̄푅퐿)
푁3 = 푊푇2 (1 − 2푥̄푅푟 ) 푦̄푅퐿
푁4 = 푊푇2 (1 + 2푥̄푅푟 ) 푦̄푅퐿
퐹푟푖 = (푐 + 푅푎푥푖퐶푎푥 ) 푁푖푅푖 푠푔푛 (휃̇푖) (4.20)
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푠푔푛 (휃̇푖) =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
1, 휃̇푖 > 00, 휃̇푖 = 0−1, 휃̇푖 < 0
where:
• 푐 is the coecient of rolling resistance
• 퐶푎푥 is the coecient of axle friction
• 푁1, 푁2, 푁3, 푁4 are the weight supported by each wheel
• 푅푎푥푖 is the axle radius for wheel 푖
• 푅푖 is the radius of wheel 푖
• 푊푇 is the total weight of the wheelchair
• 휃̇푖 is the angular velocity of wheel 푖
Then, it is determined the frictional moments of the wheels (Eq. 4.21), and they are
proportional to the weight supported by the wheel and the surface contact area of the wheel.
The 푠푔푛 function attributes a sign for the frictional moment variable and it guarantees that,
when the caster is not turning around its pivot, this variable will be zero.
푀푟푖 = 23퐾푙푁푖푅푐푠푔푛 (훼̇푖) (4.21)
푠푔푛 (훼̇푖) =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
1, 훼̇푖 > 00, 훼̇푖 = 0−1, 훼̇푖 < 0
where:
• 퐾푙 is the coecient of the frictional moment
• 푅푐 is the radius of the wheel contact region
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• 훼̇푖 is the caster angle velocity
Finally, the sliding wheel forces are calculated (Eq. 4.22). The sliding forces 퐹푇1 and 퐹푇2 are
not considered in the analysis because it is assumed the wheelchair does not slide sideways.
The 푠푔푛 function attributes a sign for the sliding wheel forces meaning that, when there is no
lateral velocity (푉퐿퐴푇 ), there will be no sliding forces.
퐹푇 푖 = 퐾퐿푁푖푠푔푛(푉퐿퐴푇 ) (4.22)
푠푔푛 (푉퐿퐴푇 ) =
⎧⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎩
1, 푉퐿퐴푇 > 00, 푉퐿퐴푇 = 0−1, 푉퐿퐴푇 < 0
where:
• 퐾퐿 is the coecient of sliding wheel forces
• 푉퐿퐴푇 is the lateral velocity component
These equations are implemented on Simulink through block diagrams, so that it is possible
to get a dynamic model for the wheelchair in order to simulate it. The plant (wheelchair) and
its inputs (퐸푎1, 퐸푎2, 푥̄ , and 푦̄) and outputs (훼1, 훼2, 휃1, and 휃2) are shown in Fig. 4.8. The index1 represents right (right wheel, right motor. . . ) and the index 2 represents left (left wheel, left
motor. . . ).
Seat/Frame Controller
The seat/frame controller is adopted in order to change the wheelchair’s center of gravity by
moving the seat/frame. As seen before, according to Ding et al. [13], the center of gravity has a
dominant inuence on reverse directional stability of powered wheelchairs. When the amount
of weight supported by the caster wheels is big, the deviation from the intended trajectory is
signicant causing, therefore, instability. The ideal strategy to avoid path deviation would be
to convey the center of gravity above the rear wheels’ axle so that there would be no weight
supported by the caster wheels.
It is used a linear motor to move the wheelchair’s seat/frame so that the weight could be
transferred forward and backward, i.e., the mass transfer would occur only in one direction
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Figure 4.8: The plant of the system representing the wheelchair and its inputs and outputs on
Simulink (source: elaborated by the author).
(Fig. 4.9). It is applied a voltage on the motor which makes the seat/frame to dislocate. It is
important to notice that, for comfort and safety, this motor’s velocity and displacement are
limited (푣푒푙푚푎푥 , 푣푒푙푚푖푛, 푑푦푚푎푥 , 푑푦푚푖푛). The center of gravity cannot go to a region of
instability, which means that the seat/frame can only dislocate a restricted quantity forward
or backward. This quantity is limited to a range that stands between the front wheel’s axle
and rear wheel’s axle. The epsilon (휖) value is a quantity considered for security (stability)
that takes into account oor slope and errors during center of gravity measurement.
Figure 4.9: Plant of the system linear motor-wheelchair (source: elaborated by the author).
The rst control strategy moves the seat/frame depending on the dierence between the
rear wheels’ angular displacement (Δ휃 = 휃1 − 휃2). When the wheelchair starts to move in a
linear trajectory and the caster wheels are misaligned, it tends to deviate from the intended
trajectory in a certain amount, making the dierence Δ휃 increase as it moves. As Δ휃 increases,
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the controller makes the seat/frame go backwards, alleviating the amount of weight supported
by the caster wheels and reducing, therefore, the increase of Δ휃 . It is not possible to reduceΔ휃 using this strategy, only to avoid its rise. When the caster wheels align to the wheelchair’s
frame (the increase rate for Δ휃 equals to zero), the seat/frame goes back to its original position.
We used a PID controller for this implementation, while it is used a proportional controller
to make the seat/frame go back to its regular position. A switch is used to change between
these two controllers when the caster wheels align to the wheelchair’s frame (condition). The
reference delta_theta_ref (Δ휃푟푒푓 ) is set to zero because it is required that no deviation occurs.
The Simulink block diagram is illustrated in Fig. 4.10, exemplifying the strategy adopted here.
Figure 4.10: Block diagram showing the rst implementation for the seat/frame controller
adopted in the simulation (source: elaborated by the author).
The second control strategy moves the seat/frame proportional to the sum of the caster
wheels’ misalignment angles (훼1+훼2) according to graph given in Fig. 4.11. The more the caster
wheels are misaligned, the more the seat/frame shifts backwards. The dierence between
this strategy and the one given previously is that, here, the seat/frame translates before the
wheelchair starts to move, while previously, the seat/frame only moves when the wheelchair
is moving. The great advantage of this second strategy is that the controller anticipates the
deviation, dierently from the rst strategy when the controller acts only when deviation has
already occurred.
We used a proportional controller in order to convey the seat/frame to a desired setpoint
location established by the rule given in Fig. 4.11 seen formerly. A function have, as its inputs,
the caster wheels’ angles (훼1 and 훼2) and, as its output, the setpoint location for the seat/frame.
The block diagram for this system is given in Fig. 4.12.
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Figure 4.11: Rule for seat/frame displacement (Δ푦) where 훼1 and 훼2 are the caster wheels’
angles (source: elaborated by the author).
Figure 4.12: Block diagram demonstrating the second implementation for the seat/frame
controller adopted in simulation (source: elaborated by the author).
Caster Wheel Actuation
At last, using the same model, we used a motor that actuates on the caster wheels depending
on their actual angles and their steady state angles. The steady state angles of the caster
wheels can be explained as their angles when they are aligned to the trajectory whenever the
wheelchair is describing a rectilinear or curvilinear path. From Eqs. 4.14 and 4.15, it is added
a portion that inserts the motor torques, resulting in Eqs. 4.23 and 4.24.
푀푚표푡표푟1 = 퐾푚표푡표푟1 sin (훼1 − 훼1푠푠)
푀푚표푡표푟2 = 퐾푚표푡표푟2 sin (훼2 − 훼2푠푠)
퐼푐1훼̈1 = −푝퐹푇4 −푀푟4 −푀푎1 −푀푚표푡표푟1 (4.23)
퐼푐2훼̈2 = −푝퐹푇3 −푀푟3 −푀푎2 −푀푚표푡표푟2 (4.24)
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where:
• 푀푚표푡표푟1, 푀푚표푡표푟2 are the torques applied by the motors
• 퐾푚표푡표푟1, 퐾푚표푡표푟2 are constants that limit the torques of the motors to a maximum value
• 훼1푠푠 , 훼2푠푠 are the caster wheels’ steady state angles
Equations 4.25 and 4.26 that determine the steady state angles for the caster wheels when
traveling a curvilinear path can be obtained from Fig. 4.13.
Figure 4.13: Wheelchair traveling a curvilinear path and the instantaneous center of rotation
(ICR) (source: elaborated by the author).
훼1푠푠 = 훼푟푠푠 = atan2(푅퐿, 푅 + 푅퐹2 ) (4.25)
훼2푠푠 = 훼푙푠푠 = atan2(푅퐿, 푅 − 푅퐹2 ) (4.26)
4.2.2 V-Rep Model
It was developed a Freedom [15] wheelchair CAD design using SolidWorks®, and then exported
to V-Rep. This V-Rep model (Fig. 4.14) is used as this work’s second dynamic model.
Path Tracking Control Algorithm
Using this model, it is possible to implement another control strategy, the path tracking
control algorithm, that actuates on the rear wheels velocities depending on the caster
wheels’ angles, orientation deviation and distance to the intended trajectory when traveling
rectilinear or curvilinear paths. The advantage of using this model is that it can be treated as
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Figure 4.14: Freedom wheelchair V-Rep model (source: elaborated by the author).
a real wheelchair, and all coding used for simulations can be expanded to be used in a real
wheelchair.
The methodology employed here is to derive and evaluate a path tracking control
algorithm that keeps the wheelchair on its intended trajectory. The trajectory is specied by
a combination of linear and angular velocities imposed to the wheelchair, resulting in
rectilinear and curvilinear trajectory segments. The developed path tracking control
algorithm actuates on the rear wheels by imposing velocities such that both the intended
trajectory and the misorientation of the caster wheels are simultaneously taken into
consideration. In situations of strong misalignment of the caster wheels the best path
tracking action is to eliminate such misalignment. As the caster wheels become aligned with
the trajectory, classical path tracking actions assume relevance. This balance among caster
wheel alignment and path tracking is the main dierence between our algorithm and the
classical algorithms found on the mobile robotics literature [19] in which solely the intended
trajectory is taken into account. Moreover, by directly measuring the orientation of the
caster wheels, complex and inaccurate dynamic models and estimators for the casters
become unnecessary, making the proposed algorithm simple enough to be implemented on
microcontrollers.
Fig. 4.15(a) shows the caster wheels’ angles relative to the wheelchair’s frame, whereas
Fig. 4.15(b) displays the caster wheels’ angle coordinates. Let us consider a curvilinear
trajectory given by a linear velocity 푣 and an angular velocity 휔. At a given instant of time,
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the quantities depicted in Fig. 4.15(c), radius of curvature 푅, distance from the intended
trajectory (퐷), and wheelchair orientation with respect to the trajectory (휃) are computed.
The radius of curvature 푅 is given by Eq. 4.27.
(a) Caster wheels’ angles 훼푙 and 훼푟 . (b) Caster wheels’ angle coordinates.
(c) Wheelchair and its respective orientation deviation (휃) and distance to the intended trajectory (퐷)
when traveling a curvilinear path. [푃.푥, 푃 .푦, 푃 .휓 ] is the wheelchair’s pose.
Figure 4.15: Parameters used by the path tracking control algorithm (source: elaborated by the
author).
푅 = 푣휔 (4.27)
When traveling a curvilinear path, the steady state angles for the caster wheels are not zero
as when traveling a rectilinear path. For these paths, the caster wheels’ angles are determined
by Eqs. 4.25–4.26 as seen previously.
The caster wheels’ misalignment 푀 is given by Eq. 4.28 where 훼푙 and 훼푟 are the left and
right caster wheels’ angles read from the magnetic sensors.
푀 = (훼푙 − 훼푙푠푠) + (훼푟 − 훼푟푠푠) (4.28)
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The values of orientation deviation (휃) and distance to the intended trajectory are given by
Eqs. 4.29–4.30, respectively. Notice that these values are dierently computed for rectilinear
and curvilinear trajectories.
휃 = ⎧⎪⎪⎪⎨⎪⎪⎪⎩푃.휓 − 90
o − atan2 ( 푃.푦−퐼퐶푅.푦푃.푥−퐼퐶푅.푥 ) , if 휔 ≠ 0,푃 .휓 , otherwise. (4.29)
퐷 = ⎧⎪⎪⎪⎨⎪⎪⎪⎩푅 −
√(푃.푥 − 퐼퐶푅.푥)2 + (푃.푦 − 퐼퐶푅.푦)2, if 휔 ≠ 0,푃 .푦, otherwise. (4.30)
The steady state velocities of the rear wheels for a curvilinear trajectory are given by
Eqs. 4.31–4.32. In these equations 푅푟 is the axis length between the rear wheels.
푣푟 = 푣 + 휔푅푟2 (4.31)푣푙 = 푣 − 휔푅푟2 (4.32)
After the wheelchair starts to move or has its velocities changed, it is calculated, iteratively,
a value Δ that states how much the parameters 훼푙 , 훼푟 , 휃 , 푀 , and 퐷 contribute to the controller
actuation. The actuation consists of increasing an amount of velocity by Δ in one of the rear
wheels and decreasing the same amount on the opposite wheel. Consequently, path correction
does not change the wheelchair’s net linear velocity. The actuation is computed by Eq. 4.33.
The controller employs three proportional parameters and one integral parameter, the latter
employed for constraining the steady state errors.
Δ = 퐾1푀 + 퐾2휃 + 퐾3퐷 + 퐾4 ∫ 푡0 퐷(휏 )푑휏 (4.33)
The choice of parameters 퐾1…퐾4 depends on the nature of the trajectory and should be
chosen to respect the velocity dimension of mm/s. We chose, via calibration, three sets for
these four parameters for the following trajectories:
• near-rectilinear paths with |푣| > 0 and |휔| ≈ 0.
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• paths where the wheelchair is turning around its center of rotation with |휔| > 0 and|푣| ≈ 0.
• curvilinear paths with |휔| > 0 and |푣| > 0.
The actuation is stated by Eqs. 4.34–4.35.
푣푟 = 푣 + 휔푅푟2 − Δ (4.34)푣푙 = 푣 − 휔푅푟2 + Δ (4.35)
The rectilinear trajectory is a particular case of the curvilinear trajectory by making 휔 = 0
and 푅 → ∞ which, from Eqs. 4.25–4.26, leads to 훼푟푠푠 = 0 and 훼푙푠푠 = 0. Finally, the path
correction is given by an increase/decrease in the rotational speed by the amount of2Δ퐿
Notice that for all trajectories this addition to the angular velocity tends to zero when the
wheelchair is traveling over the intended path (Δ ≈ 0). This situation is achieved when the
caster wheels become aligned with the trajectory (푀 ≈ 0) and path errors (휃 and퐷) are close to
zero. The pseudocode for the Path Tracing Control Algorithm can be analyzed by Algorithm 1.
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Algorithm 1 Path Tracking Control Algorithm
1: function Path_Tracking_Control(푣, 휔)
2: 푅← 푣/휔 ⊳When 휔 = 0, 푅→ ∞, which means a rectilinear trajectory
3: 푔푒푡 (훼푟 , 훼푙)
4: 푃푖푛푖푡푖푎푙 ← 푔푒푡 (푃.푥, 푃 .푦, 푃 .휓 )
5: 훼푟푠푠 ← tan−1( 푅퐿푅+푅퐹 /2)
6: 훼푙푠푠 ← tan−1( 푅퐿푅−푅퐹 /2)
7: 푀 ← (훼푙 − 훼푙푠푠) + (훼푟 − 훼푟푠푠)
8: Δ← 퐾1푀
9: 푣푟 ← 푣 + 휔푅푟 /2 − Δ
10: 푣푙 ← 푣 − 휔푅푟 /2 + Δ
11: 푠푒푛푑_푡표_푚표푡표푟푠 (푣푟 , 푣푙)
12: 푖푛푡_퐷← 0
13: while True do




17: 푔푒푡 (훼푟 , 훼푙)
18: 푀 ← (훼푙 − 훼푙푠푠) + (훼푟 − 훼푟푠푠)
19: 푃 ← 푔푒푡 (푃.푥, 푃 .푦, 푃 .휓 )
20: if 휔 == 0 then ⊳ Rectilinear trajectory
21: 휃 ← 푃.휓 − 푃푖푛푖푡푖푎푙 .휓
22: 퐷← |푎푃.푥+푏푃.푦+푐|√푎2+푏2 ⊳ 푎, 푏, 푐 are the line parameters of the trajectory
23: else ⊳ Curvilinear trajectory
24: 휃 ← 푃.휓 − 90표 − tan−1( 푃.푦−퐼퐶푅.푦푃.푥−퐼퐶푅.푥 )
25: 퐷← 푅 − √(푃.푥 − 퐼퐶푅.푥)2 + (푃.푦 − 퐼퐶푅.푦)2 ⊳ 퐼퐶푅 is the center position of the
curve
26: end if
27: 푖푛푡_퐷← 푖푛푡_퐷 + 퐷
28: Δ← 퐾1푀 + 퐾2휃 + 퐾3퐷 + 퐾4푖푛푡_퐷
29: 푣푟 ← 푣 + 휔푅푟 /2 − Δ
30: 푣푙 ← 푣 − 휔푅푟 /2 + Δ






This chapter evaluates and discusses the dierent techniques developed for this work aiming
to reduce the eects of the caster wheels on the wheelchair deviation from the intended
trajectory. The seat/frame controller was only evaluated on simulations due to its mechanical
complexity to be developed on a real wheelchair. It would be necessary to build a wheelchair
specically for this purpose with a movable seat using a linear motor in order to apply this
type of controller. On the other hand, the path tracking control algorithm is tested on
simulation and validated on a real wheelchair because it is a simple algorithm that is easily
implemented on any wheelchair with an embedded microcontroller, sensors and actuators.
Additionally, the actuation on the caster wheels in order to help align them in the
direction of the intended trajectory is implemented on simulation and on a real wheelchair.
It is noteworthy that the torque applied by the motors is not sucient to turn, by itself, the
caster wheels’ pivot, they are only used to help the caster wheels align to the desired
direction faster. These motors with little torque are used because they are cheap, light and
consume not much energy.
5.1 Simulation Results
5.1.1 Simulink Model
For the rst part, it is used the dynamic model developed by Johnson et al. [24] and presented
on Chapter 4 to create a Simulink model for simulation in order to experiment dierent control
techniques that employ the seat/frame displacement changing, therefore, the CG position. To
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deal with the dierential equations of the model, the solver used on Simulink was ode45
(Dormand-Price) with variable-step, being the maximum and minimum step automatically
adjusted. The experiments in this section considered the wheelchair mass as 푀퐹 = 102 푘푔
which takes into account the mass of the wheelchair and the mass of the user (rider).
The rst simulation was conducted using no feedback control. It is applied the same voltage
on both motors (5 V) and the seat/frame of the wheelchair is kept xed. The initial conditions
for this simulation are: 훼푟 (0) = 훼푙 (0) = 90표 , 휃푟 (0) = 휃푙 (0) = 0 and 휃̇푟 (0) = 휃̇푙 (0) = 0. Fig. 5.1
illustrates the path traveled by the simulated wheelchair and compared to the path traveled
by a real wheelchair in order to validate the model and observe the open loop response of the
system.
Figure 5.1: Path traveled by the wheelchair where blue is the simulated wheelchair and red is
the real wheelchair (source: elaborated by the author).
The maximum deviation when traveling 1000 mm on the x-axis is of 615 mm for the
simulated model and of 253 mm for the real wheelchair. We can notice that the model does
not represent exactly the real wheelchair, but it is good enough for simulating our control
strategies and evaluating them comparatively. Moreover, as without any path control the
simulated wheelchair tends to produce path deviations much higher than the real
wheelchair, we can speculate that the results obtained in simulation for the path control
strategies evaluated in this work are worst case scenarios for their implementations on real
wheelchairs.
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Other simulations using no feedback control for dierent caster wheels’ angles are
summarized on Table 5.1, where it is shown only the nal position of the wheelchair, and the
deviation can be taken as the y position coordinate. The wheelchair starts at 푥 = 0 and 푦 = 0.
Table 5.1: Final position of the wheelchair using no feedback control for symmetric and
asymmetric caster wheels’ angles.
Initial condition Final position
Symmetric and
opposed angles
훼푟 = 65표훼푙 = −65표 푥 = 1000푚푚푦 = 0.14푚푚훼푟 = −65표훼푙 = 65표 푥 = 1000푚푚푦 = −0.5419푚푚훼푟 = 90표훼푙 = −90표 푥 = 1000푚푚푦 = −0.111푚푚훼푟 = −90표훼푙 = 90표 푥 = 1000푚푚푦 = −0.4735푚푚
Asymmetric
angles
훼푟 = 65표훼푙 = 0표 푥 = 1000푚푚푦 = −24.6푚푚훼푟 = 90표훼푙 = −40표 푥 = 1000푚푚푦 = −10.52푚푚
From Table 5.1, when the caster wheels’ angles are symmetric and opposed, almost no
deviation is observed. This can be explained by the fact that the initial load on both sides of
the wheelchair are the same, resulting in a linear trajectory.
Seat/Frame Controller
It is examined, now, the seat/frame controller for both strategies introduced on Chapter 4.
Tests were conducted using dierent initial conditions and all of them were carried out for a
rectilinear trajectory. The seat/frame displacement range was chosen so that it would not go
to a region of instability causing, therefore, accidents. Furthermore, tests using the proposed
controller were conducted using three dierent speeds for the seat/frame, because, intuitively,
we can assume that, the faster the seat/frame moves, the better will be the controller actuation.
However, the faster the seat/frame moves, the more uncomfortable will be the experience for
the user, which is not what we desire.
Earliest, the rst control strategy is analyzed, in which the seat/frame moves accordingly
to the dierence between the two rear wheels angular displacement (Δ휃 = 휃푟 − 휃푙). Fig. 5.2
exhibits the path traveled by the wheelchair for four dierent experiments in which the initial
conditions were: 훼푟 (0) = 훼푙 (0) = 90표 , 휃푟 (0) = 휃푙 (0) = 0 and 휃̇푟 (0) = 휃̇푙 (0) = 0. The voltage
5.1. SIMULATION RESULTS 70
applied on both motors is 5 V. One of these experiments was carried out using no control
and the other three were conducted using the proposed seat/frame control for three dierent
seat/frame velocities: 10 mm/s; 50 mm/s; and 100 mm/s.
Figure 5.2: Path traveled by the wheelchair: using no control; using the rst seat/frame control
strategy for three dierent velocities (source: elaborated by the author).
It is possible to observe the deviation from the intended trajectory evaluating the responses
of Fig. 5.2. Without using control, the deviation is of 615 mm on the y-axis while traveling
1000 mm on the x-axis. Using the seat/frame control, the deviation is of 226 mm on the y-axis
for a speed of 10 mm/s; of 138 mm for a speed of 50 mm/s; and of 106 mm for a speed of 100
mm/s.
Then, the second control strategy using the seat/frame controller is examined, in which
the seat/frame moves proportionally to the sum of the caster wheel’s misalignment angles
(훼푟 + 훼푙). As cited in Chapter 4, the seat/frame moves both, before and during the
wheelchair’s movement. The seat/frame displacement before the wheelchair’s movement
reduces the amount of weight supported by the caster wheels in advance, improving the
performance of the controller. Fig. 5.3 illustrates the path traveled by the wheelchair when
using no control and when using the seat/frame control for three dierent velocities: 10
mm/s; 50 mm/s; and 100 mm/s. The initial conditions were the same as before:훼푟 (0) = 훼푙 (0) = 90표 , 휃푟 (0) = 휃푙 (0) = 0 and 휃̇푟 (0) = 휃̇푙 (0) = 0. Also, the voltage applied on both
motors is 5 V.
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Figure 5.3: Path traveled by the wheelchair: using no control; using the second seat/frame
control strategy for three dierent velocities (source: elaborated by the author).
Looking at Fig. 5.3, without using control, the deviation is the same as before, that is, 615
mm. Using this seat/frame control strategy, the deviation is of 227 mm on the y-axis for a
speed of 10 mm/s; of 163 mm for a speed of 50 mm/s; and of 131 mm for a speed of 100 mm/s.
Table 5.2 displays the results of the tests conducted using both seat/frame strategies
introduced previously in Chapter 4 for dierent caster wheels’ initial angles and dierent
seat/frame velocities. These caster wheels’ initial angles were chosen randomly ranging from−180표 to 180표 in order to simulate several distinct cases. In all tests, 휃푟 (0) = 휃푙 (0) = 0,휃̇푟 (0) = 휃̇푙 (0) = 0, the voltage applied on both motors was 5 V and the initial position of the
wheelchair was 푥 = 0 and 푦 = 0.
As demonstrated by Guo et al. [21], the drive direction error, which is the deviation on the
y-axis, is greatest when both casters are oriented 90o to the left or right (훼푟 = −90표 , 훼푙 = −90표
or 훼푟 = 90표 , 훼푙 = 90표). This statement can be conrmed by Table 5.2 in which the highest
deviations, when looked at their absolute value, occur when the casters’ initial angles are −90표
or +90표 .
Additionally, it is observed, from the table, that the deviation from the intended trajectory
is decreased using the seat/frame controller compared to when using no control at all. Also,
the deviation is most of the time lessened as long as the seat/frame speed increases. However,
the seat/frame speed should be as low as possible so as not to cause any discomfort to the user.
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Table 5.2: Results indicating the nal position of the wheelchair for dierent initial caster
wheels’ angles, dierent control strategies and dierent seat/frame velocities.
No control Seat/frame control
First strategy Second strategy
Final position Seat max. velocity Final position Final position훼푟 = −179표훼푙 = −179표 푥 = 1000푚푚푦 = 78.74푚푚 푣푚푎푥 = 10푚푚/푠 푥 = 1000푚푚푦 = 99.67푚푚 푥 = 1000푚푚푦 = 94.86푚푚푣푚푎푥 = 50푚푚/푠 푥 = 1000푚푚푦 = 45.58푚푚 푥 = 1000푚푚푦 = 29.92푚푚푣푚푎푥 = 100푚푚/푠 푥 = 1000푚푚푦 = 51.52푚푚 푥 = 1000푚푚푦 = 25.2푚푚훼푟 = −120표훼푙 = −120표 푥 = 1000푚푚푦 = −282.3푚푚 푣푚푎푥 = 10푚푚/푠 푥 = 1000푚푚푦 = 8.898푚푚 푥 = 1000푚푚푦 = −11푚푚푣푚푎푥 = 50푚푚/푠 푥 = 1000푚푚푦 = 37.37푚푚 푥 = 1000푚푚푦 = 47.11푚푚푣푚푎푥 = 100푚푚/푠 푥 = 1000푚푚푦 = 41.79푚푚 푥 = 1000푚푚푦 = 37.16푚푚훼푟 = −90표훼푙 = −90표 푥 = 1000푚푚푦 = −744.3푚푚 푣푚푎푥 = 10푚푚/푠 푥 = 1000푚푚푦 = −529푚푚 푥 = 1000푚푚푦 = −230.4푚푚푣푚푎푥 = 50푚푚/푠 푥 = 1000푚푚푦 = −303푚푚 푥 = 1000푚푚푦 = −128.2푚푚푣푚푎푥 = 100푚푚/푠 푥 = 1000푚푚푦 = −237푚푚 푥 = 1000푚푚푦 = −121푚푚훼푟 = −65표훼푙 = −65표 푥 = 1000푚푚푦 = −62.02푚푚 푣푚푎푥 = 10푚푚/푠 푥 = 1000푚푚푦 = −61.24푚푚 푥 = 1000푚푚푦 = −61.43푚푚푣푚푎푥 = 50푚푚/푠 푥 = 1000푚푚푦 = −59.25푚푚 푥 = 1000푚푚푦 = −60.47푚푚푣푚푎푥 = 100푚푚/푠 푥 = 1000푚푚푦 = −58.18푚푚 푥 = 1000푚푚푦 = −60.11푚푚훼푟 = 65표훼푙 = 65표 푥 = 1000푚푚푦 = 63.03푚푚 푣푚푎푥 = 10푚푚/푠 푥 = 1000푚푚푦 = 61.91푚푚 푥 = 1000푚푚푦 = 61.87푚푚푣푚푎푥 = 50푚푚/푠 푥 = 1000푚푚푦 = 60.46푚푚 푥 = 1000푚푚푦 = 60.85푚푚푣푚푎푥 = 100푚푚/푠 푥 = 1000푚푚푦 = 59.02푚푚 푥 = 1000푚푚푦 = 61.01푚푚훼푟 = 90표훼푙 = 90표 푥 = 1000푚푚푦 = 614.8푚푚 푣푚푎푥 = 10푚푚/푠 푥 = 1000푚푚푦 = 226푚푚 푥 = 1000푚푚푦 = 227.2푚푚푣푚푎푥 = 50푚푚/푠 푥 = 1000푚푚푦 = 138푚푚 푥 = 1000푚푚푦 = 162.9푚푚푣푚푎푥 = 100푚푚/푠 푥 = 1000푚푚푦 = 106푚푚 푥 = 1000푚푚푦 = 131푚푚훼푟 = 120표훼푙 = 120표 푥 = 1000푚푚푦 = 323.4푚푚 푣푚푎푥 = 10푚푚/푠 푥 = 1000푚푚푦 = 23.01푚푚 푥 = 1000푚푚푦 = −23.66푚푚푣푚푎푥 = 50푚푚/푠 푥 = 1000푚푚푦 = −44.24푚푚 푥 = 1000푚푚푦 = −39.66푚푚푣푚푎푥 = 100푚푚/푠 푥 = 1000푚푚푦 = −48.06푚푚 푥 = 1000푚푚푦 = −45.24푚푚훼푟 = 179표훼푙 = 179표 푥 = 1000푚푚푦 = −88.76푚푚 푣푚푎푥 = 10푚푚/푠 푥 = 1000푚푚푦 = −102.6푚푚 푥 = 1000푚푚푦 = −97.21푚푚푣푚푎푥 = 50푚푚/푠 푥 = 1000푚푚푦 = −46.15푚푚 푥 = 1000푚푚푦 = −30.65푚푚푣푚푎푥 = 100푚푚/푠 푥 = 1000푚푚푦 = −51.44푚푚 푥 = 1000푚푚푦 = −26.27푚푚
Legend:훼푟 and 훼푙 = caster wheels initial orientations
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Taking this into account and the data obtained from the table, it is assumed 50 mm/s as a good
enough maximum speed for the seat/frame.
Comparing both strategies one can conrm that, in general, the second strategy gives
better results than the rst one since the deviation is reduced in most cases, but not all of them.
In addition, the improvements obtained from the second strategy are not much signicant, and
it is required a sensor coupled to the caster wheels’ pivot in order to measure its angle, which
is not needed when using the rst strategy.
It is important to notice that the results should be symmetric around zero (훼푟 = 0표 , 훼푙 = 0표),
which was not the case demonstrated from the table. One of the possible causes of this is that
non linearities are introduced in the system from the sgn functions. Let’s take Eq. 4.22 for
example, where the sliding forces depend on the sign of 푉퐿퐴푇 . If 푉퐿퐴푇 = 0, 퐹푇 푖 should be zero.
However, most of the times the computer reckons zero as 10−푛, where 푛 is a big number and,
consequently, the sliding force 퐹푇 푖 is not zero as it should be. A solution found to overcome
this issue is to consider 푉퐿퐴푇 equals zero whenever 푉퐿퐴푇 = 푣 and −휖 ≤ 푣 ≤ 휖, 휖 a very small
number. This approximation can be one of the causes of the observed asymmetry.
Caster Wheel Actuation
This last approach, still using the Simulink model, uses a motor that actuates on the caster
wheels according to the dierence between their actual angles and their steady state angles.
The torque produced by the motor is proportional to the dierence between these angles up
to the maximum torque of the motor. This technique is detailed in Chapter 4.
The experiments are conducted for rectilinear trajectories and under the following initial
conditions: 훼푟 (0) = 훼푙 (0) = 90표 , 휃푟 (0) = 휃푙 (0) = 0 and 휃̇푟 (0) = 휃̇푙 (0) = 0. The voltage applied on
both motors is 5 V. Fig. 5.4 shows the path traveled by the wheelchair using the caster wheel
actuation approach for six dierent maximum torques for the motors namely: 0.1 N.m; 0.25
N.m; 0.5 N.m; 1 N.m; 2 N.m; and 6 N.m.
As expected, as the maximum torque for the motors increases, the wheelchair tends to
follow a rectilinear path without deviations. However, the use of powerful motor tends to
increase weight, cost and energy consumption. Therefore, it is preferable the use of not so
powerful motors in order to help the caster wheels align to the desired trajectory.
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Figure 5.4: Path traveled by the wheelchair: using no control; using the caster actuation for
six dierent maximum torques for the motors (source: elaborated by the author).
5.2 Experimental Results
In this section, it is analyzed the results obtained using the wheelchairs of the laboratory. First,
it is presented and discussed the path tracking control algorithm developed in Chapter 4. Last,
it is evaluated the results achieved using an actuator on the wheelchair’s caster wheels.
5.2.1 Path Tracking Control Algorithm
In this subsection it is evaluated the results of the path tracking control algorithm, presented on
Chapter 4. The experiments using this algorithm are conducted with the wheelchair carrying
a person (rider).
At rst, we start with ve dierent initial conditions as given by the caster wheels’
angles. The experiment represents situations in which the wheelchair is describing a
rectilinear trajectory. In all tests, the wheelchair introduced in Chapter 3 (Freedom SX)
moves 4 meters forward and stops. Table 5.3 presents the results using the proposed path
tracking control algorithm and using no path control, in which it was measured the nal
position given by the ground truth and by the odometry as well as the maximum deviation
given by the odometry. It is noteworthy that the motor controller installed on the wheelchair
has an internal velocity control loop, which contributes to the fair results in the case of no
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path control. Just a matter of comparison, we evaluate a commercial wheelchair (Ottobock
B400) without any loop control. By imposing a linear movement on this wheelchair with
both caster wheels misaligned of 90o, we noticed a deection of 300 mm on the y-axis after
traveling just one meter on the x-axis.
Table 5.3: Results for ve dierent tests showing their initial conditions, nal positions






Final position Y-dev Final position Y-dev훼푟 = −90표훼푙 = −90표 G.T.
푥 = 3940푚푚푦 = −50푚푚 – G.T. 푥 = 3940푚푚푦 = 30푚푚 –
Odo 푥 = 4003푚푚푦 = −71푚푚 71푚푚 Odo 푥 = 4005푚푚푦 = 7푚푚 10푚푚훼푟 = −45표훼푙 = −45표 G.T.
푥 = 3930푚푚푦 = −90푚푚 – G.T. 푥 = 3945푚푚푦 = 0푚푚 –
Odo 푥 = 4004푚푚푦 = −55푚푚 55푚푚 Odo 푥 = 4005푚푚푦 = 2푚푚 6푚푚훼푟 = 45표훼푙 = 45표 G.T.
푥 = 3935푚푚푦 = 85푚푚 – G.T. 푥 = 3935푚푚푦 = 60푚푚 –
Odo 푥 = 4005푚푚푦 = −57푚푚 57푚푚 Odo 푥 = 4001푚푚푦 = 3푚푚 4푚푚훼푟 = 90표훼푙 = 90표 G.T.
푥 = 3920푚푚푦 = 140푚푚 – G.T. 푥 = 3940푚푚푦 = 65푚푚 –
Odo 푥 = 4001푚푚푦 = 65푚푚 65푚푚 Odo 푥 = 4005푚푚푦 = 0푚푚 3푚푚훼푟 = 180표훼푙 = 180표 G.T.
푥 = 3915푚푚푦 = 50푚푚 – G.T. 푥 = 3950푚푚푦 = 35푚푚 –
Odo 푥 = 4004푚푚푦 = −85푚푚 85푚푚 Odo 푥 = 4000푚푚푦 = −5푚푚 9푚푚
Legend:훼푟 and 훼푙 = caster wheels initial orientations
G.T. = Ground Truth
Odo = Odometry
Y-dev = Maximum deviation on y-axis
The algorithm uses the odometry information computed by the encoders and the IMU
data. However, the encoders are subject to give wrong information due to wheel or coupling
belt slippage, and the gyroscope data from the IMU is known to have a drift added, resulting,
sometimes, in bad odometry data. These factors lead to distinct ground-truth and odometry
positions, occasionally jeopardizing the precision of the path tracking control algorithm.
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From Table 5.3, it is possible to observe, in all ve tests, the dierence between the nal
position when using no path control and when using the proposed path tracking control
algorithm. By employing the path tracking control algorithm, the deviation and the
maximum deviation decrease by a signicant amount when examining the position specied
by the odometry. When considering the ground-truth position, it can be noticed that the
dierences between the two conditions (with/without path control) are reduced.
The wheelchair’s trajectory for the second test (훼푟 = 훼푙 = 90표) of Table 5.3 is depicted
in Fig. 5.5, when using no path control and when using the path tracking control algorithm.
This gure shows that the algorithm is very eective, but its eectiveness is tightened to the
precision of the odometry.
Figure 5.5: Path traveled by the wheelchair given by the odometry: using no path control;
using the path tracking control algorithm (source: elaborated by the author).
Then, it was conducted an experiment to reproduce situations where the user has to move
the wheelchair backwards due to the lack of room for maneuvers. Fig. 5.6 exhibits the case
where the wheelchair travels 2 meters backwards on the x-axis, whereas using no path control
and whereas using the path tracking control algorithm. The initial conditions for these tests
are 훼푟 = 훼푙 = 0표 , approximately, reproducing a real situation in which the user has entered
an elevator and then leaves it. In this condition, the caster wheels are initially in an unstable
equilibrium situation as their steady state values are: 훼푟푠푠 = 훼푙푠푠 = 180표 .
Comparing both results, the trajectory traveled by the wheelchair when using the
proposed path tracking control algorithm has less deviation than when using no path
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Figure 5.6: Path traveled by the wheelchair while reverse driving given by the odometry: using
no path control; using the path tracking control algorithm (source: elaborated by the author).
control. Traveling 2000 mm on the negative side of the x-axis without path control, the
maximum absolute deviation is 39 mm, increasing to 60 mm when considering the
ground-truth information. With path control we achieve a maximum absolute deviation of 4
mm given by the odometry, and 10 mm when considering ground truth. This maximum
occurs when the caster wheels are in process of aligning with the trajectory.
The last experiment using the path tracking control algorithm is conducted for the
wheelchair traveling a curvilinear trajectory with radius of 500 mm. Fig. 5.7 displays the
path traveled by the wheelchair given by the odometry using no path control, and Fig. 5.8
shows the path traveled by the wheelchair when using the path tracking control algorithm.
The initial conditions are 훼푟 = 훼푙 = −90표 for this experiment.
Because of the initial misalignment of the caster wheels, it is possible to see that the
trajectory followed by the wheelchair is not the desired one when using no path control, as
the center of rotation is dislocated approximately 89 mm (105 mm when considering ground
truth) from its original position. On the other hand, the path traveled by the wheelchair
while using the path tracking control algorithm is almost the same as intended, once the
center of rotation does not change its position signicantly.
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Figure 5.7: Path traveled by the wheelchair while describing a curve using no path control
algorithm (source: elaborated by the author).
Figure 5.8: Path traveled by the wheelchair while describing a curve using the proposed path
tracking control algorithm (source: elaborated by the author).
5.2.2 Caster Wheel Actuation
In the same way as in Section 5.1, we have experimentally tested the actuation on the caster
wheels of a real wheelchair. A servomotor, Dynamixel RX-64, is coupled to both caster wheels’
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pivots of the Ottobock B400 wheelchair as can be seen if Fig. 5.9. Tests are carried out using
no actuation or using actuation of the caster wheels, as well as transporting a person (load)
or empty (no load), and the initial conditions were: 훼푟 = 훼푙 = 90표 . It is noteworthy that
the torques applied by the motors (approximately 6 N.m) are not sucient to spin the caster
wheels’ pivot when in touch with the ground, they are used only in order to help the casters
to align faster in order to reduce deviation from the intended trajectory of the wheelchair.
Figure 5.9: Assembly of the motor on the caster wheel.
Figure 5.10: Red line showing the path traveled by the wheelchair using no caster actuation
and no load (source: elaborated by the author).
Initially, it was conducted an experiment using no actuation and transporting no user (no
load). Fig. 5.10 depicts the path traveled by the wheelchair under such conguration.
Then, it was conducted an experiment using no actuation, but with a person being
transported (carrying load). Fig. 5.11 displays the path traveled by the wheelchair drawn on
the oor.
Furthermore, it was conducted other experimented using motor actuation and no load.
Fig. 5.12 illustrates the path traveled by the wheelchair drawn on the oor.
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Figure 5.11: Red line showing the path traveled by the wheelchair using no actuation and with
load (source: elaborated by the author).
Figure 5.12: Red line showing the path traveled by the wheelchair using actuation and no load
(source: elaborated by the author).
Figure 5.13: Red line showing the path traveled by the wheelchair using actuation and with
load (source: elaborated by the author).
Finally, it was conducted the last experiment using motor actuation and transporting a
person (carrying load), and Fig. 5.13 illustrates the path traveled drawn on the oor.
The results of these four tests are summarized in Table 5.4, where three measurements are
taken for each experiment.
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Table 5.4: Points taken out of the path traveled by the wheelchair for the four experiments
carried out: (a) no actuation and no load; (b) no actuation and load; (c) actuation and no load;
and (d) actuation and load.
No actuation Actuation훼푟 = 90표훼푙 = 90표 No load 푥 = 1000푚푚푦 = 220푚푚 푥 = 1500푚푚푦 = 425푚푚 푥 = 2000푚푚푦 = 710푚푚 푥 = 1000푚푚푦 = 60푚푚 푥 = 1500푚푚푦 = 140푚푚 푥 = 2000푚푚푦 = 240푚푚
Load 푥 = 1000푚푚푦 = 130푚푚 푥 = 1500푚푚푦 = 250푚푚 푥 = 2000푚푚푦 = 380푚푚 푥 = 1000푚푚푦 = 125푚푚 푥 = 1500푚푚푦 = 230푚푚 푥 = 2000푚푚푦 = 350푚푚
It can be observed that, when not carrying a person (no load), the actuation on the caster
wheels improves the response of the system signicantly if taken into account the deviation
from the intended path. On the other hand, when carrying a person, the actuation still
contributes to reduce path deviation, but it is not considerable as the 푦 values, representing




6.1 Smart Wheelchair Project
This dissertation covers the project of a new smart wheelchair with dierent aspects from an
old project reported by Nascimento Jr. [39]. This wheelchair was specically built in order to
implement the new interfaces we have developed so far, because it is easy to introduce
dierent assistive interfaces due to the use of a RESTful API. This solution uses HTTP
protocol to exchange information between application and wheelchair, alowing any
networked device such as smartphones to control the wheelchair through assistive
interfaces. These interfaces allow people with severe motor disabilities to control the
wheelchair without using a mechanical joystick. We have worked on interfaces that use a
smartphone camera to recognize user’s facial expressions and translate that to commands for
the wheelchair, like go forward or backward and turn right or left. This interface have a low
command rate, therefore the wheelchair’s linear velocity is set to a maximum of 200 mm/s
and its maximum angular velocity is set to 20o/s.
The new wheelchair was built in partnership with a company. This way, it was possible
to assemble a wheelchair with a cleaner visual than the older version as could be seen in
Chapter 3. Additionally, the replacement of the old brushed DC motors with the new BLDC
motors helped to decrease disruptive high frequency noise existing in the old project, what
could inuence negatively the user experience. BLDC motors are more reliable, ecient, silent,
and smoother when compared to their brushed counterparts. Also, these BLDC motors are
tted with encoders and electromagnetic brakes improving, therefore, the wheelchair’s safety.
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For the old project [39], it was used two DC-DC converters to control the two motors
independently. One microcontroller with PI gains for the two motors used to establish a pulse
width modulation (PWM) signal in order to set the DC voltage output of the converter to drive
the brushed motors. This microcontroller, in order to closed-loop control the motors, had to
communicate with other microcontroller that was used to solely fetch the encoder data. For
this new project, it was used a single dual channel motor controller that has adjustable PI gains
for each channel and drives both BLDC motors according to a demanded position or velocity
setpoint. This motor controller has the ability to read the encoder data of both motors in order
to establish a closed-loop. Besides that, this controller provides encoder information to other
systems of the wheelchair so that it was possible to compute the wheelchair’s odometry.
In addition, this wheelchair was built to address our control algorithms that we have
developed. First, it is possible to implement an encoder-based odometry because it has one
encoder for each motor. Second, it has an IMU that computes the heading of the wheelchair
because of its present gyroscope. Thus, it is feasible to increase the precision of the
encoder-based odometry by using the IMU through a Kalman lter. This way, it is achieved a
fair precision for the localization of the wheelchair. Third, it is used two magnetic sensors to
read the caster wheels’ angles relative to the wheelchair’s frame. By measure the caster
wheels angles it is possible to predict the wheelchair’s deviation from its intended trajectory
and, therefore, allowed the controller to act accordingly. All these components permitted the
implementation of the path tracking control algorithm developed and discussed in Chapter 4.
Fourth, it was installed sensors such as radar and sonars around the wheelchair’s body in
order to avoid obstacles and implement such algorithm like shared control [17].
Moreover, the wheelchair provides several power outlets for the user to supply energy
to other necessary equipments such as laptops, smartphones, microcontrollers for embedded
applications, actuators, among other add-ons. There are 5 and 12 volt power outlets, plus a
power USB outlet.
The approximate cost of all equipment we have installed on the wheelchair to make it
"smart" sums up to U$3,400.00 (three thousand and four hundred US dollars). The US dollar
quote on December, 2019 to the Brazilian real was 4.03, which means the total price of the
project is around R$13,700.00 (thirteen thousand and seven hundred Brazilian reais). It is
important to notice that within this price it does not include possible taxes and customs fees.
This quantity is a signicant amount of money for those living in Brazil who have low
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income, mainly for those who are physically disabled because of lack of medical care or poor
work conditions. Out of this price, 64% of it is due to the motor controller and the BLDC
motors, and this equipment is vital for the functioning of the wheelchair. Nonetheless, some
equipment is not vital, like the expensive Ethernet Switch, making it possible to reduce a
little bit the price of the smart wheelchair project. Another alternative would be to use
cheaper sensors, like the millimeter wave (mmWave) sensor (radar), changing for other less
expensive radars.
However, the new project still has some negative points. First of all, it is still used a belt
driving system between the motor shaft and the wheel which is subject to slippage
jeopardizing, in most cases, the encoder-based odometry information. The ideal solution
would be to have the motor shaft coupled straight to the wheel’s axis in order to x this
problem and improve the odometry’s accuracy. Also, the coupling belt slippage causes
disturbances while driving the wheels, because the coupling motor-wheel is not rigid due to
the belts’ elasticity.
Additionally, the wheelchair has a folding chassis which results in variation of its
parameters depending on the weight it carries. For example, the distance between the rear
wheels (parameter 푅푟 in Chapter 4) changes according to weight the wheelchair carries
because the chassis visually bends a bit in the process. Other parameters might change with
weight and over time due to wear and tear.
Furthermore, it is used one microcontroller to exclusively acquire the caster wheels’ angles
through readings of the magnetic sensors. This microcontroller is used because it has two
dierent I2C ports which makes it possible to read the dierent magnetic sensors since they
have the same I2C address. If it was possible to change permanently the sensors I2C addresses,
this microcontroller would not be required as the data from these sensors could be fetched
through the only I2C port present on the SBC.
Finally, this smart wheelchair still has a conventional design and it is not capable of
overcoming obstacles such stairs, steps and doors. It would be expensive to develop a
mechanical system to overcome stairs, for example. Then, in order to have a system to open
doors for the user, it would be needed expensive manipulators because they must be robust
and reliable, and cameras together with an intelligent system to recognize the size and
format of the door handles. In addition, it was not developed a movable seat/frame system to
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implement the seat/frame controller given in Chapter 4 and tested in Chapter 5 because it is
costly, complex and may bring discomfort to the user.
6.2 Path Correction Solutions
Initially, it is used a Simulink model based on Johnson et al. [24] in order to simulate the
wheelchair. It was dicult to calibrate all model parameters so that it would correspond
exactly to a real wheelchair. It was not possible to measure all parameters needed (like wheel
radius), and it is necessary to execute several trials to achieve a corresponding model. This
way, the parameter calibration was made heuristically in order to get a model that would
behave in a similar manner as the real wheelchair. This method was sucient to get a model
for testing the developed controllers at least in a comparatively way.
Using the seat/frame controller, an optimum velocity for the seat/frame was observed
around 50 mm/s, because it would not be uncomfortable for the user and it helps on path
deviation correction. The rst and the second seat/frame strategy have indicated that they
are able to reduce path deviation from the intended trajectory when compared to the
open-loop response. However, if the caster wheels’ initial absolute angles are less than 90o,
the reduction is not considerable, it is almost imperceptible. The rst seat/frame strategy has
shown to be the best one when compared to the second strategy, because the latest does not
bring signicant improvements from the rst one and, besides, it requires the use of sensors
to measure the caster wheels’ angular positions. Additionally, these strategies are not able to
correct path deviations, but they are only enough to bound such deviations.
The caster wheels’ actuation was tested both, on simulation and experimentally. On
simulation, the wheelchair carried a person, while, experimentally, the wheelchair did and
did not carry a person. According to simulation, the higher the motor torque, the less the
wheelchair deviates, which is intuitive. The best results, on simulation, were given at a
torque of 6 N.m, the same torque of the servomotors used experimentally. In practice, when
carrying a person, the actuation on the caster wheels did not improve substantially the
response of the system, only when not transporting someone, when good results were
achieved. Therefore, the actuation on the caster wheels did not show to be a good solution
when correcting path deviation. Probably a bigger and stronger motor would become
necessary, but it would increase cost and energy consumption, which is not desired.
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Finally, the developed path tracking control algorithm is tested. Its eectiveness depends
highly on a precise localization of the wheelchair and it is given by the odometry. The
odometry is based on encoders (being called encoder-based odometry) and IMU. Wheel
and/or coupling belt slippage might jeopardize the computation of the odometry and,
therefore, the control algorithm.
Comparing to results given when using no path control algorithm, the deviation when
using the proposed path tracking control algorithm was reduced, be it when looking at
odometry data, be it when looking at ground-truth data. In addition, the improvement was
greater when observing the odometry data, because the algorithm is based on it.
When using no path control algorithm, it is possible to observe that the results are fair
enough. This can be explained by the fact that the wheelchair has already an internal velocity
control loop, which contribute that the fair results, making the wheelchair not deviate much
from the intended trajectory. However, even having the same PID gains for both motors, the
transient response will be dierent and dependent on the initial angle conditions of the caster
wheels, still making the wheelchair deviate and requiring the path tracking control algorithm.
For the reasons presented here, the path tracking control algorithm proved to be the most
viable, because of its low implementation cost since only one dedicated microcontroller and
magnetic position sensors are needed, providing the best results in terms of path correction.
6.3 Future Work
One of the key works to be done in a near future is to implement a more precise localization
system in order to improve the path tracking control algorithm. Since this algorithm
performance is tied to a precise localization data, improving the localization sensoring and
estimation will, therefore, improve the algorithm results. However, good localization systems
are, usually, expensive, so it is needed to study how good it is required the algorithm to
perform.
Another situation to be considered is to change the transmission system of the wheelchair.
The belt transmission system might not be the best one since slippage might disturb odometry
and, thus, the control algorithm.
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Other key action to be done is to reduce the project’s cost. As mentioned before, severe
disabled people have, in most cases, bad nancial conditions and they are the most interest
part in reducing the smart wheelchair price for commercialization.
Finally, it would be benecial to implement a predictive control or a neural network
algorithm to calculate dierent PID gains for the motor controller according to dierent
initial caster wheels’ angles, achieving the same transient response for the rear wheels,
decreasing signicantly the wheelchair path deviation.
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To improve the precision of the encoder-based odometry, we have used an IMU that computes
the gyro for each time instant 푡 . Therefore, it is possible to calculate the orientation based on
the following equation:
Δ휃 = 휔Δ푡
The Kalman Filter implementation is based on the following steps:
푟푎푡푒 = 푛푒푤푅푎푡푒 − 푏푖푎푠푎푛푔푙푒 = 푎푛푔푙푒 + 푑푡 × 푟푎푡푒푎푛푔푙푒 = 푎푛푔푙푒 + 푑푡 (푛푒푤푅푎푡푒 − 푏푖푎푠)푎푛푔푙푒 = 푎푛푔푙푒 − 푑푡 × 푏푖푎푠 + 푑푡 × 푛푒푤푅푎푡푒⎡⎢⎢⎢⎣푎푛푔푙푒푏푖푎푠
⎤⎥⎥⎥⎦푡 = 퐴
⎡⎢⎢⎢⎣푎푛푔푙푒푏푖푎푠
⎤⎥⎥⎥⎦푡−1 + 퐵푢푧 = 퐶 ⎡⎢⎢⎢⎣푎푛푔푙푒푏푖푎푠
⎤⎥⎥⎥⎦푡
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퐴 = ⎡⎢⎢⎢⎣1 −푑푡0 1
⎤⎥⎥⎥⎦퐵 = ⎡⎢⎢⎢⎣푑푡0
⎤⎥⎥⎥⎦퐶 = [1 0]푢 = 푛푒푤푅푎푡푒푧 = 푛푒푤퐴푛푔푙푒




⎤⎥⎥⎥⎦푄 = [푄푚푒푎푠푢푟푒푚푒푛푡] = [0.1]Σ̄푡 = 퐴Σ푡−1퐴푇 + 푅푆 = (퐶Σ̄푡퐶푇 + 푄)−1퐾푡 = Σ̄푡퐶푇푆퐼푁푂푉퐴 = 푧 − 푎푛푔푙푒⎡⎢⎢⎢⎣푎푛푔푙푒푏푖푎푠
⎤⎥⎥⎥⎦푡 =
⎡⎢⎢⎢⎣푎푛푔푙푒푏푖푎푠
⎤⎥⎥⎥⎦푡−1 + 퐾푡 × 퐼푁푂푉퐴Σ푡 = (퐼 − 퐾푡퐶푡) Σ̄푡
where:
• 푛푒푤푅푎푡푒 is the gyro velocity obtained by the IMU
• 푏푖푎푠 is the IMU’s drift
• 푑푡 is the time period between two samples
APPENDIX A. KALMAN FILTER IMPLEMENTATION 97
• 푎푛푔푙푒 is the angle estimated by the Kalman Filter by combining the angles read from
the odometry (푛푒푤퐴푛푔푙푒) and from the IMU (푛푒푤푅푎푡푒). The 푏푖푎푠, also estimated by the
Kalman Filter, is subtracted from this angle in order to compensate for the IMU drift.
• 푛푒푤퐴푛푔푙푒 is the wheelchair’s orientation given by the odometry
• 푅 is the covariance of the gyroscope’s angle and bias measurement
• 푄 is the covariance of the odometry’s angle measurement
• Σ̄ is the prior covariance given by the lter
• Σ is the posterior covariance given by the lter
• 퐾 is the Kalman’s Gain
